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WELDABILITY CHARACTERISTICS
OF CONSTRUCTION STEELS
A36, A514, AND A516

1 INTRODUCTION

Background

For many years, the U.S. armed services have used
American Society for Testing and Materials (ASTM)
specification A36. This covers structuial quality carbon
steel shapes. plates, and bars for general and welded
construction of bridges and buildings.! The specifica-
tion restricts use of A36 very little from the standpoint
of weldability — even though the carbon content of
the steel may range as high as 0.29 to 0.33 percent.
depending on plate thickness. These percentages are
somewhat high for guaranteed adequate weldability.
In addition, manganese content, another indication of
weldability, is not specified in thin sections; a maxi-
mum of 1.25 percent is permitted in plates over 3/4-in.
(19.1-mm) thick.

Steels other than A36 may provide better structures
at an equal or lower final cost to the customer since
some of these steels may be used at higher levels of
design loading, thus providing a lower weight structure.
The higher quality plate steels include ASTM A441, a
high-strength, low-alioy structural manganese-vanadium
steel plate suitable for welding; ASTM AS516, a carbon
steel plate for moderate and lower temperature pres-
sure vessels: and ASTM A514, a high-strength, low-
alloy structural steel with 100,000 psi (689 MPa)
minimum yield strength.

In many structures built recently, the U.S. Army
Corps of Engineers has taken advantage of some of the
physical and mechanical property improvements under
these additional specifications. However, adequate
weldability safeguards are required when structures are
built under special provisions for the use of higher
quality steels. Weld-related failures can include struc-
tural failures attributed to lamellar tearing of plates as
a result of welding, failures of structural beams caused
by misapplication of the shielded metal-arc welding
(SMAW) process, and failures in high temperature hot
water distribution systems because of overstress caused
by lack-of-penetration defects.

VYSteel, Structural, ASTM A36 (American Society for Test-
ing and Matcrials [ASTM], 14 August 1979).

SMAW and gas metal-arc welding (GMAW) are the
predominant forms of electric arc welding used today.
SMAW is used about twice as often as GMAW for both
field and shop fabrication. For many years, the only
way to control these welding processes has been to
limit the heat input (measured in Joules per linear inch
of weld). Heat input is determined by using the simple
relation:

voltage X current

travel speed (Eq 1]

Heat input =

The heat input limit was generally set to a maximum
of 55 kl/in. (2167 J/mm). Dorschu, and Schultz and
Jackson have shown that for a given set of parameters
the sirength of the weld can vary considerably .’
Dorschu devised a method for correlating the strength
of weldments to the cooling rate of the weld beads. To
calculate the cooling rate. he devefoped a formula that
includes the variables of heat input. plate thickness.
and initial plate temperature. In general form. this
relation is:

Cooling rate [Eq 2]

_ thickness X [test temperature — plate temperature )
heat input

Dorschu has shown that with ASTM A0l mild
steel up to 2-in. (50.8-mm) thick. the yield strength of
the weld metal is proportional to the cooling rates; at
high cooling rates, yield strengths can be increased
from 15 to 20 ksi (103.4 to 137.9 MPa). Schultz and
Jackson have gone one step further and determined
that for a 5 Ni-Cr-Mo-V stee! the arc voltage has no
significant effect on the cooling rate, which appears to
be determined by the current and travel speed oniy.
Schultz and Jackson conclude that there is a clear
relationship between cooling rate and nugget area
which, therefore, becomes a usetul indicator of weld
metal mechanical properties under the influence of
weld cooling rate. Schultz and Jackson define nugget
area as the cross section of a single weld bead. This
nugget area equation is:

arc current'-35

Nugget area = constant X (Eq 3]

travel speed® 7>

K. E. Dorschu, “Control of Cooling Rates in Steel Weld
Metal,” Welding Journal, Vol 47 (February 1968), Research
Supplement: B. L. Schultz and C. E. Jackson, “Influence ot
Weid Bead Areas on Weld Mechanical Properties,” Welding
Journal, Vol §3 (June 1974), Research Suppiement.
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Unfortunatety, Schultz and Jackson do not describe
the way to determine the voltage, current, and travel
speed limits that will ensure proper weld strength
levels.

The U.S. Army Construction Engineering Research
Laboratory (CERL) has conducted a three-part re-
search program to determine these limits for various
plate steels and welding electrodes. In the first part of
the study, the limits on voltage, current, and electrode
travel speed were determined on the basis of bead-on-
plate welds examined for quality.? The second part of
the study was intended to refine these limits using their
interrelationship with nugget area and heat input based
on butt weld mechanical properties. This work, detailed
in CERL Technical Report M-278, concentrated on the
limits for SMAW and GMAW electrodes combined with
a carbon steel (A36), a pressure vessel steel (A516),
and a high-strength, low-alloy steel (A514).* The third
part of the study was intended to refine these limits by
looking at effects of high restraint on the weld joint;
the effects on mechanical properties as well as the
problem of cracking in the weld joint under the influ-
ence of high restraint were to be investigated.

This report documents additional data from SMAW
and GMAW butt weld tests in the second part of the
study, and presents data collected during the third part.

Objective

The objective of the portion of the study reported
here was to determine the voltage, current, and travel
speed limits necessary to ensure proper weld strength
levels for construction steels.

Mode of Technoiogy Transfer

The information in this report is part of a research
effort designed to maintain Corps of Engineers Guide
Specifications 05141 and 15116 and Army Technical
Manuals (TM) 5-805-7 and 9-237.%

3R. A Weber, Determination of Arc Voltage, Amperage,
and Travel Speed Limits by Bead-on-Plate Welding, Technical
Report M-197/ADA033684 (U.S. Army Construction Engi-
neering Research Laboratory [CERL|, December 1976).

“R. A. Weber, Determination of the Effect of Current and
Travel Speed of Gas Metal-Arc Welding on the Mechanical
Properties of A36, A516, and A514 Steels. Technical Report
M-278/ADA085342 (CERL, May 1980).

sWelding, Structural, Cotps of Engineers Guide Specifica-
tion (CEGS) 05141 (Depastment of the Army {DA], Office of
the Chiet of Engineers (OCE|; Welding, Mechanical, CEGS
15116 (DA, OCE, October 1974); Welding: Design, Procedures,
and Inspection, Technical Munual (TM) 5-805-7 (Headquarters
[HQ], DA, March 1968): Operator Manual: Welding Theory
and Application, TM 9-237 (HQ, DA, October 1976).
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2 APPROACH

CERL achieved the objective of this study by defin-
ing voltage, current, and travel speed limits through
bead-on-plate tests and tests to determine the tensile
and impact properties of butt joint welds produced
with fully automatic GMAW and manual SMAW in
carbon steel (A36), pressure vessel steel (A516), and
high-strength, low-alloy steel (A514). Then the limits
were refined by using the results of fabricating butt
joints under high restraint conditions.

Materials

Electrode technology has been improved to the
point where many types of electrodes are now available
to respond to a wide variety of welding problems. The
American Welding Society (AWS) has developed a clas-
sification system for steel welding electrodes based on
some of the electrodes’ characteristics. The SMAW
classification codes are made up of an E and four or
five numbers (EXXYZ). The E designates that the ma-
terial is an electrode. The first two numbers, XX, give
the deposited weld metal tensile strength in thousands
of pounds per square inch (ksi). That is, an electrode
with an E60YZ classification would have a minimum
deposited tensile strength of 60,000 psi (4.13 MPa).
This tensile strength designation can be 60, 70, 80, 100
or 110. The number represented by Y — either 1 or 2 —
indicates the welding position in which the electrode
can be used. A 1 means that the electrode can be used
in all positions ~ flat, horizontal, vertical, and over-
head; a 2 indicates that usage is limited to flat or hori-
zontal fillet welds. The last term in the classification,
Z, can be any number from O through 8. These num-
bers indicate major coating constituents and welding
current limitations as shown in Table 1.

Table 1
Coatings and Current Designation

z Coating Types Current Types

0 High cellulose sodium* dc, reversed polarity

1 High cellulose potassium ac or dc, reversed polarity
2 High titania sodium ac or dc, straight polarity
3 High titania potassium ac or dc, either polarity

4 Iron powder titania ac or dc, either polarity

5 Low hydrogen sodium dc, reversed polarity

6 Low hydrogen potassium ac or dc, reversed polarity
7 Iron powder, iron oxide ac or dc, either polarity**
8 Iron powder, low hydrogen ac or dc, reversed polarity

*Except when preceded by a 2; in that case, it is high iron
oxide, ac or dc, either polarity.
**Reversed polarity is not recommended tor horizontat fillets.




The classification system for GMAW electrodes is
somewhat simpler. The first three or four characters,
EXX or EXXX, have the same meaning as in the
SMAW code; the only difference is that the tensile
strength designations for GMAW wires range from 70
to 120. The next digit is either an S or U. An S means
that the electrode has no coating and is a solid wire.
A U means that the solid wire has an emissive coating.
The final digit can be any number from [ through 6,
or the letter G The numbers refer to ditferent chemi-
cal compositions — in particular, carbon and silicon
contents. The G represents a general classification
which has no chemistry restrictions, except that nickel,
chromium, molybdenum, or vanadium cannot be inten-
tionally added.

The plate steels (by ASTM code numbers) and the
electrodes (by AWS code numbers) used in the bead-
on-plate investigation are identified in Table 2. Selec-
tion of electrode types for each plate material was
based on the AWS Structural Welding Code, D1.1.°
Table 3 identifies the three plate materials and four
electrode types used for the butt weld and the high
restraint joint investigations, which concentrated on
one steel type from each of three categories frequently
used in Corps construction:

1. Carbon steel (ASTM A36)
2. Pressure vessel steel (ASTM AS516)
3. High-strength, low-alloy steel (ASTM A514)

The tensile properties for these three steel plates are
listed in Table 4. The results of dynamic tear impact
tests are presented in Figures 1, 2, and 3. The electrode
types were selected for use with these plate steels based
on AWS D1.1, and the common usage for Corps con-
struction. The tensile requirements for the four types
of electrodes used are presented in Table 5.

Experimental Procedures

The investigation was divided into three parts. The
first was a series of bead-on-plate welds. For this work,
all plate material was cut to approximately 12 by 18 in.
(300 by 500 mm) using an oxyacetylene cutting appa-
ratus. The surface to be welded was sandblasted and
wirebrushed to remove oxides and paints. The de-
posited weld beads were visually inspected for bead
contour and shape and then sectioned for macroscopic

6Structural Weiding Code, D1.1 (American Welding Society
JAWS]. 1979).

Table 2
Materials Used in Bead-on-Plate Study

Plate Material Electrodes (AWS No.)

(ASTM No.) GMAW SMAW
Al6 E70S-2, E70S-3 E6010, E6011]
E70S4,E70S-6 E6013,£7018,
E7024
A242 E70S-2, E70S-3 E7018, E7024
E70S4, E70S8-6
Ad41 E70S-2, E70S-3 ET018, E7024
E70S4. ET0S6
ASl4 E120S-1 E11018
AS27 E70S-2. ET0S-3 E7018, E7024
£7084. E70S-6
AS88 F708-2, E70S-3 L7018, 7024
E7084, E70S-6
ATIO - E8018

examination. The macrospecimens were polished and
etched with 5 percent Nitol and examined for penetra-
tion, reinforcement. undercut, and porosity. From all
these observations, limits of voitage, current, and travel
speed were determined.

The second part of this investigation involved the
fabrication of V-groove butt joints and testing for
mechanical properties. The weld joint used was a 60-
degree included angle, single-V butt joint with a 1/8-in.
(3.2-mm) root opening (Figure 4). The larger than
normal joint cross-section was used to accommodate
the test specimens. The weld length was approximately
30 in. (762 mm). The completed test plate was about
12 by 30 in. (305 by 762 mm). All plate material was
cut and beveled using an oxyacetylene cutting appara-
tus, and then surface ground to remove oxides and slag
from the joint area. X-ray radiography. based on Mili.
tary Specification MIL-R-]11468, was used to non-
destructively examine each completed weldment for
soundness.

One macrospecimen. three tensile specimens. and
12 impact (dynamic tear) specimens were machined
from cach completed sound weld. Figure 5 is a sche-
matic of the specimen locations as machined from the
weldments. The impact specimens were machined so
that half were notched in weld metal and half were
notched next to the weld in the heat affected zone
(HAZ). They were then tested at temperatures ranging
from —60 to +50°C. according to ASTM standards.’

T“ASTM Proposed Method for 5/8-In. (16-mm) Dynanuc
Tear Test of Metallic Materials,” 1980 Annual Book of ASTM
Standards. Part 10 (ASTM, 1980).

i



ASTM No.

A36

A516.Grade 70

AS14

Plate Type
A36

Specification

AS516. Grade 70

Specification
Asl4

Specification

Electrode

E7018
E11018
E70S-3

E120Sto 1

Table 3
Materials Used for Butt Welds and Restrained Joint Welds
Plate Material
Thickness, in. (mm) Electrode Diameter, in. (mm)
3/4(19) E7018 1/8 (3.2)
E70S8-3 1/16 (1.6)
1(25.4) E7018 1/8 (3.2)
E70S8-3 1/16 (1.6)
3/4 (19) E11018 1/8 (3.2)
E1208-1 1/16 (1.6)
Table 4

Tensile Properties of the Plate Material Used for the
Single-V Butt Joints and the Restrained Joints

Yield Strength, ksi Ultimate Tensile Elongation, Reduction in

(MPa) Strength, ksi (MPa) Percent Area, Percent
35.6 (245.5) 70.5 (486.1) 348 54.0
34.8 (239.9) 70.0 (482.6) 33.8 60.7

36 Minimum (248.2) 58-80(399.9 -551.6) 23 Minimum  Not specified
39.9(275.1) 748 (515.1 33.0 54.5
40.5 (279.2) 75.2(518.5) 309 539

38 Minimum (262) 70-90 (482.6 -620.5) 21 Minimum Not specified
121.3(836.3) 124.7 (859.8) 209 69.1
121.3(836.3) 124.3 (857.0) 21.1 70.0

100 Minimum (689.5) 110-130(758.4 - 896.3) 18 Minimum 40 Minimum

Table 5
Tensile Property Requirements for Electrodes
Ultimate
Tengile
Yield Strength, Strength,
Specification ksi (MPa) ksi (MPa)
AS.1-69 60(413.7) 72 (496.4)
AS.569 97 (668.8) 110(758.4)
AS5.18-69 60(413.7) 72 (496.4)
AS5.28-79 105-122(724.0-841.2) 120 (827.4)

16
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Two of the tensile specimens were machined from the Table 6
weld metal. The third was machined from the HAZ. All Welding Parameters of Bead-on-Plate Welds
the tensile specimens were tested at ambient tempera-
ture according to Military Standard (MIL-STD) 418C 8 . T".“' s‘.’”d’
The tensile test results include the yield strength, uiti- Plate Materia} in./min
' (ASTM No.) Current, A Voltage, V (mm/min)

mate tensile strength, the true fracture stress and the
true fracture strain.* These results were compared to E6010 (1/8-in. [3.2-mm) diameter)
the heat input and nugget area to determine if either

quantity was a better indicator of strength. The macro- A36 ;2 §g ;; ::g;:
specimens were polished and etched using 5 percent 75 28 6.0(152)
Nitol etchant and visually examined for small flaws not 100 29 g.3(211)
shown by radiography. The nugget area was determined 100 29 14.1 (358)
using a nomograph presented by Schultz and Jackson ig(s) ;3 1?5 13‘;3;
{Figure 6). 125 28 207(551)
The restraint joint part of this investigation required 125 38 13.3 (338)
the same type of weld joint and specimen testing E6011 (1/8-in. [3.2-mm] diameter)
shown in Figure 4, except the plate was welded to an
HY-80 strong back plate 2-in. thick by 36 by 36 in. A36 75 28 9.6 (244) .
(50.8 by 914.4 by 914.4 mm). Figure 7 shows a sche- ;: ;3 gg :3(2);; !
matic layout of the highly restrained weld joints, 75 30 6.0 (152)
*. Waelding Procedure 100 28 11.4 (290)
100 28 8.01203)
! The bead-on-plate welding was performed with 100 35 10.0 (254) 1
. manual SMAW and fully automatic GMAW systems igg ;g 12532::
! using reverse polarity (electrode positive) direct cur- 125 28 720183
t rent. Individual weld beads were deposited with preset ]
values of the welding variables — voltage, amperage, E6013 (1/8-in. [3.2-mm] diameter)
and travel speed. In subsequent beads, each variable
was changed to find the maximum and minimum toler- A36 l;g ig 2‘3 ‘:(‘);’ j
able limits. Two types of shielding gases were used with :30 37 l9"6 : 24 4:
the GMAW: a mixture of argon and oxygen, and car- 150 26 10.0 (254)
bon dioxide. Tests with the E70S-2 and E70S-3 elec- 150 27 17.8 (452
trodes were shielded with both gases, while E70S4 and 150 22 7.20183)
E70S-6 were shielded with carbon dioxide only; the 150 24 9.4(239)
' E120S-1 electrode was shielded with argon and 2 per- E7018 (1/8-in. [3.2-mm] diameter)
cent oxygen only. The welding parameters used in this
part of the investigation are presented in Table 6. A36 115 25 8.7¢221)
. 115 25 15.0 (381)
f The arc voltage, current, and travel speed for the 115 25 8.0(203)
i butt welds were selected based on the results of the 140 26 10.2(259)
bead-on-plate study. Table 7 shows the welding vari- 140 25 20.0 (508
ables for weldments using 1/8-in. (3.2-mm) diameter :2(5) 53 1238(1);:
E7018 and E11018 SMAW electrodes, and using 1/16- 165 28 ,5:5 (394)
in. (1.6-mm) diameter E70S-3 and E120S-1 GMAW 165 28 7.5 (191
electrodes with direct current, reverse polarity (elec-
trode positive). A242 115 26 6.5 (165)
115 25 84210
p , o ) ) 115 25 12.0 ¢305)
The true fracture strain, which is the natural logarithm of 115 25 16.6 (422)
the initial area divided by the final area, was used to indicate 140 2 8.0 (203)
the ductility exhibited by the tensile specimen. It is 3 dimen- 140 27 12.0 (305)
sionless number and shows increasing ductility with higher 140 2 16.0 (406)
aumbers. 165 28 8.0 (203)
8‘Military Standard, Mechanical Tests for Welded Joints, 165 27 12.0 (309
MIL-STD-418C (June 1972). 165 27 17.0 (434)
17




Plate Material
{ASTM No.)

Addl

AST2

A588

Al6

A242

Table 6 (cont’d)

Current, A

113
LS
115
115
115
115
115
135
135
140
140
140
150
150
150
165
165
165
165
165
165

115
it5
1S
140
140
140
165
165
165

115
115
115
140
140
140
165
{65
165

E7024 (1/8-in. {3.2-mm] diameter)

140
140
140
170
170
170
190
190
190

140
140
140
170
170

Voltage, V

25
38
28
36
PAY
24
25
26
32
26
26

Travel Speed,
in./min
(mm/min)

6.3 (160)
6.4(163)
6.7(170)
8.9(226)
12331
15.5 ¢394)
17.1 434)
6.7 (170)
7.0(178)
12.0(305)
8.0 (203)
18.5 (470)
7.5 (19D
8.1 (206)
8.5 (216)
8.2 (208)
8.7(221)
8.6 (218)
10.4 (264)
16.6 (422)
22.9(582)

8.7(221)
16.6 {422)
10.4 (264)

8.0 (203)
20.0(508)
13.0¢330)
12.0 (305
16.0 (406)

8.7(221

8.0 (203
14.6 (37D
9.8 (249
8.0 (203)
18.5 (470)
10.7(272)
8.5(216)
20.0 (508}
9.8 (229

12.3(312)
21.8 (554)
7.7 (196)
10.7 (27D
20.0 (508)
7.0 (178)
12.6 (320)
20.9 (531)
7.8 (198)

229 (582
12.0 (30%)

8.0(203)
19.2 (488)
12.0 (305)

Plate Material
(ASTM No.)

Ad44]

AS72

A588

A710

AS14

Tuble 6 (cont’d)

Curmrent, A

170
190
190
190

140
140
140
140
140
170
170
190
190
190
190

140
140
140
170
170
170
190
190
190

140
140
140
170
170
170
190
190
190

Voltage, V

30
32
32
3

32

28
27
28
32
31
31
33
33
33

Travel Speed,

in./min
(mm/min}

8§30
20953
12.0 (30%)
8.0(20%

21.8 (554
12.0(30%)
8.0(203)
8.3(211
8.1(206)
9.4 (239
11.2(284)
11.2(284)
11.2(284)
229 (582)
16.0 (406}

10.4 (264)
22.9 (582)
8.0 (203)
9.8 (249)
20.9 (531)
8.0 (203)
10.9 (277
24.0(610)
10.4 (264

10.9 27N
25.3643)
7.7(196)
15.0 (381)
26.7(678)
7.8 (198)
12.6 (320)
24.0(610)
7.81198)

E8018 (5/32-in. {4.0-mm ] diameter)

150
150
150
185
185
185
185
220
220
220
220

22
27
25
26
26
30
26
28
3o
k1)
X9

13.0(330)
13.7 (348)
8.0 (209)
12.0 (305)
19.5 (495)
10.4 (264)
8.0¢203
12.0 ¢305)
1200308
20.0 (508)
3.2.0208)

E11018 (1/8-in, [3.2-mm} diameter)

s
113
115
11s
115
115

8.0(203
8.0 (203
8.0(203)
[1.40290)
6.3 (1607
17.1 438

N\




Table 6 (cont’d) Table 6 (cont'd)
Travel Speed, Travel Speed,
Plate Material in./min Plate Material in./min
(ASTM No)) Current, A Voltage, V (mm/min) (ASTM No)) Current, A Voltage, V (mm/min)
140 26 17.1 434) A708-2 (1/16-in. [1.5-mm] diameter) (carbon dioxide)
140 25 12.0 (305)
149 25 7.5 (191) A36 300 3s 10 (254)
140 28 8.4 (213) 350 34 10(254)
140 34 10.2 (259) 390 34 10 (254)
165 27 10.9 (277) 430 33 154381
165 35 9.4 (239) 430 12 15381
165 30 10.9(277) 450 32 154380
165 2 17.8 (452) 380 5 15381
165 26 10.0 {254) 365 25 15 (381)
165 26 8.5 (127 360 27 15(381)
345 26 15 (381)
E70S-2 (1/16-in. {1.5-mm] digmeter) 280 27 15 (381)
(argon with 2 percent oxygen addition) 330 20 15 (381)
A36 360 2 1S (381) 280 20 15 (381)
210 22 15 (381)
350 25 15 (381)
170 22 15 (381)
300 26 15 (381)
380 26 35 (889)
400 23 15 {381)
380 25 30 (762)
370 20 15 (381) 380 % S (127
315 22 15 (381)
295 22 15 (381 A242 375 2 35 (889) 1
270 23 15 (381
375 25 25 (635)
260 25 15 (381)
360 26 15 (381)
200 20 15 (381} 160 2% 10 (254)
250 20 15 (381) -
218 19 15 G380 A4 360 % 35 (889)
310 18 15 (381)
360 2 25 (635)
360 33 15 (381)
370 25 15 (381)
430 32 15 381) 370 25 10 (254)
470 3l 15 (381)
370 24 30(762) AST2 370 2 35 (889)
380 24 25 (635)
365 25 25 (635)
350 25 20(508) 360 2 15 (381)
350 25 10 (254)
305 25 5127 As88 360 2% 35 (889)
320 18 10 (254)
360 2% 25 (635)
310 18 20 (508)
360 2 15 (381)
31s 18 25 (635) 360 % 10 (254)
320 18 30 (762) ¢
300 3 3062 E70S-3 (1/16-in. (1.5-mm] diameter)
A242 36§ 25 35 (889 (argon with 2 percent oxygen addition}
365 e 25 (635) A6 400 28 15 (381
390 25 15 (381)
_t 390 % 10 (254) 445 27 15¢381)
.i 465 28 15 (381
{ Ad41 360 2 35 (889) 400 20 1S 6380
; 360 L] 35 (889) 370 20 15 ¢381)
" 385 2 15 (381) 350 2 151381
385 25 10 (254) 385 21 15 (381)
300 22 15 (381)
AS72 365 25 15 (381) 278 bX 15 (381)
380 25 25 (635) 150 18 15 (381)
380 25 35 (889) 230 24 15 (381
200 17 15 (381)
AS88 390 25 35 (889) 250 16 15 {381)
390 25 25 (639) 340 16 15 (381)
390 25 1S (381) 280 16 15 (381)
390 25 10 (254) 285 16 25 (635)
19




Table 6 (cont’d)

Current, A

350
350
350
340

370
370
360
360

Voltage, Y

26
26
26
26

26
26
26
26

Travel Speed,
in./min
{mm/min)

35 (889)
25 (635)
15 (381)
10 (254)

35 (889)
25635)
15 (381
10 (254)

E70S-4 (1/16-in. {1.5-mm] diameter) (carbon dioxide)

140
230
280
360
220
300
350
370
300
375
420
450
360
350
335

360
360
360
350

360
360
360
350

340
340
330

360
360
360
360

20508y
15 (381
15 (381
15 (38D
1s (381
15 (381)
15 (381)
15 (381)
15 (38D
15 ¢381)
15 (381)
15 (38D
35 (889
25 (635}
10 (254)

35 (889)
25 (635)
15(381)
10 (254)

35 (889)
251635
15 (381)
10254

35 (889
25 1635)
15 (38D)

35 (889)
25 (635)
15 (381)
10 (254)

E70S-6 (1/16-in. [1.5-mm] diameter ) (carbon dioxide)

Table 6 (cont’d)
Travel Speed,
Plate Material in./min Plate Material
(ASTM No.) Current, A Voitage, V (mm/min) (ASTM No.)
280 16 30(762) AS72
280 16 20 (508)
250 17 10 (254)
410 27 10 (254)
410 27 20 ¢(508)
410 27 25 (635) AS88
390 28 30(762)
415 27 5(127)
410 27 35 (889)
A242 380 25 35(889)
380 25 25 (635)
375 25 15 (381) A36
375 25 10 (254)
Addl 380 25 35 (889
380 25 25 (635)
370 25 15 (38))
370 25 10 (254)
370 25 35 (889)
AS72 370 25 25 (635)
360 25 15 (381)
AS588 370 26 35 (889
370 26 25 (635)
375 25 15 (38D
378 25 10 (254
A242
E70S-3 (1/16-in. [1.5-mm] diameter) (carbon dioxide)
A36 180 22 10 (254)
230 21 15 (381)
270 20 1538 Ad4l
310 19 15 (381)
300 27 * 15 (38D
325 26 15 (381)
350 26 15 (381
380 26 15 (381) AS572
400 25 15 (381)
420 24 15 (381)
365 33 15 (381
415 32 15 (381) AS588
440 32 15 (381)
480 31 15 (381)
368 26 35 (889
395 25 35 (889)
385 25 25 (63%5)
385 25 10 (254)
Al6
A242 370 26 35 (889)
370 26 25 (635)
350 26 15 (38D
350 26 10 (254)
Ad4] 350 26 35(889)
350 26 25 (635)
360 26 15 (381
360 26 10 (254)
20
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340
440
440
400
360
340
280
s
170
220

34 15(381)
32 15 (38D
32 15 (381)
25 15 (381
26 15 (381
26 15 (381
27 150381
19 15 (38D
20 15380
b 15 (381

ettt -
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Table 6 (cont'd)
Travel Speed,
Plate Material in./min
(ASTM No.) Current, A Voltage,V (mm/min)
140 22 15 (381)
340 26 35 (889)
340 26 25 (639)
340 26 5(127)
A242 340 26 35 (889
340 26 25 (635)
320 26 15 (38D
320 26 10254
Add] 340 26 35 (889)
340 26 25 (635)
365 26 15 (381
365 26 10 (254)
AS72 340 26 35 (889)
350 26 25 (635
360 26 15 (381)
350 26 10 (254)
A588 320 26 35 (889)
325 26 25 (635)
335 26 15 (381)

E110S (1/16-in. [1.5-mm] diameter)
(argon with 2 percent oxygen addition)

ASl4 225 20 15 (381
280 20 15 (381)
330 19 15 (38D)
370 18 15 (381)
390 25 15 (381)
425 24 15 (381)
455 24 15 (381)
465 24 15 (381)
500 30 15 (381)
120 15 15 (381)
225 14 15(381)
245 14 15 (381)
300 20 35 (889)
300 20 25 (635)
300 20 10 (254)

In the third phase of this investigation, all weld-
ments were fabricated under restraint conditions with
the base plate secured by fillet welding to a 2-in.
(50.8-mm)-thick HY-80 steel restraint plate, as shown
in Figure 7. Welding parameters used for fabricating
each weldment were based on limits established by the
butt weld portion (Table 8). During welding, magnetic
particle inspection was performed on each deposited
layer of weld metal. Each weldment was left secured
to the restraint plate for 7 days after completion of
welding to allow time for cracking to occur. Then mag-
netic particle and radiographic inspection were done.

21

Following nondestructive testing, welds representing
the highest and lowest heat input condition success-
fully welded were sectioned for mechanical property
testing. Figure 5 shows sectioning of a typical weld.

3 DATA ANALYSIS AND DISCUSSION
Bead-on-Plate Welds
SMAW Welds

For the SMAW electrodes, AWS A5.1 current limits,
which are based on wire diameter and coating composi-
tion, were used in this study to establish the voltage
and travel speed limitations.” The current limits, as
defined by AWS AS5.1, are the extreme values for each
electrode noted in Table 6; these limits are discussed
below with each SMAW electrode. Table 9 presents the
voltage limits established for the SMAW electrodes.
Voltage, which is directly related to the arc length,
affects both bead width and shielding characteristics;
ie., long arc length (high voltage) produces a wide
bead and could cause porosity in the weld by allowing
the aspiration of air into the arc atmasphere. Short arc
lengths (low voltage) present operational difficulties
such as short circuiting.

Figures 8 through 14 are graphs of travel speed and
current for the individual SMAW electrodes; the dashed
lines are the travel speed limits at various current levels.
These limits were determined by bead shape and
amount of undercut. Undercutting is caused by a com-
bination of factors, but primarily by a rate of travel
speed too high for a particular current level. A large
area is melted and drawn to the center; the arc passes
by too quickly to allow enough weld metal to be de-
posited in the welded area. At slow travel speeds other
problems arise — weld bead roll-over (lack of fusion)
and slag entrapment, for example.

E6010. The E6010 is a highellulose electrode
which has many uses in welded fabrication. It produces
a forceful, spray-type arc which gives deep penetration.
Slag cover on the weid bead is thin and easily removed.

AWS AS.1 gives a current range of 75 to 125 A for
this electrode. The voltage was varied from 28 t0 34 V,
and the travel speed used ranged from 6 to 21.7 in./
minute (152 to 551 mm/minute).

9Speciﬁc¢ﬂon for Mild Steel Covered Arc Welding Elec-
trodes, AWS AS.1 (1969).
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Steel: A36
Electrode: E7018 SMAW

Steel: A516
Electrode: 7018 SMAW

Steel: AS14
Electrode: E11018 SMAW

Steel: A36
Electrode: E70S-3 GMAW

Steel: AS516
Electrode: E708-3 GMAW

Steel: AS14
Electrode: E1208-1 GMAW

*Metric conversion tactors:
1 in./min = 1524 mm/sec
1 kJ/in. = 39.37 )/mm
15q in. = 645.16 mm?
1in. =254 mm

Table 7

Welding Parameters for Butt Welds

Specimen Volts Current (in./min)*

B4
B7
B8
B9
B6
B3
C2
C1
D6

B10
Bl1
Bi2
Bl14
Bi3
BI1S
C3
Ds
C4

Bl6
B17
B18
B1!9
B20
C6
B21
Cs
D7

B2S
B26
B24
B23
B27
D4

B22

B30
B29
B31
D3

B32
B28

B33

B39
B38
B36
B35S
B37

B34

24
22
25
23
26
24
25
8
25

23

23.

26
23

s 12 82 b bt
hon 9

td 02 1o t9 e b2t

[T N WV Ve N ]

~ o
[y

160
115
160
115
165
140
165
165
165

115
140
165
140
[1s
160
150
15§
165

Hs
140
165
115
140
165
165
165
165

300
300
400
400
300
250
400

300
300
400
250
400
300
150
400

250
250
350
350
250
320
350

Travel

Speed

15.7
1.5
15.6
9.1
135
10.3
8.0
6.6
4.8

10.1
10.8
11.4
8.4
6.3
8.6
6.5
S6
4.3

1.7
8.6
8.7
5.3
6.2
7.0
6.0
5.2
4.3

30
20
30
20
10
6.9
10

30

3

-

30
10.8

Heat
Input
(kJ/in.)®

12.8
13.2
15.4
17.4
19.1
19.6
3Ll
42.0
51.2

15.7
18.3
226
230
24.1
29.0
330
414
SLS

19.7
225
28.8
28.6
31.2
354
41.3
48.0
57.2

10.0

50.4

Nugget
Area
(sq in.)*

0.020
0.019
0.024
0.024
0.029
0.029
0.045
0.055
0.074

0.022
0.028
0.034
0.038
0.033
0.042
0.044
0.055
0.074

0.028
0.034
0.044
0.039
0.046
0.050
0.061
0.068
0.080

0.035
0.050
0.085
0.080
0.095
0.100
0.150

0.035
0.050
0.055
0.067
0.080
0.095
0.098
0.150

0.027
0.038
0.045
0.065
0.070
0.097
0.130

Plate
Thickness
(in.)*

0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.7§
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

0.75
0.75
0.75
0.75
0.758
0.75
0.75

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.75
0.78
0.75
0.75
0.75
0.78
0.75




Table 8
Welding Parameters for the Restrained Joints
Travel Heat Nugget Plate
Specimen Speed Input Area  Thickness

Code Volts Current (in./min)* (kJ/in.)* (sq in.)* (in.)*
Steel: A36 T 22 140 3 61.6 0.087 0.75
Electrode: E7018 SMAW M 23 140 7.5 25.8 0.038 078
S 24 90 6.5 19.9 0.024 0.75

Steel: A516 R 22 140 3 61.6 0.087 1

Electrode: E7018 SMAW Q 22 12§ 11 15.5 0.023 1
Steel: AS14 P 21 130 4 40.9 0.059 0.75
Electrode: E11018 SMAW 0 20 128 9.5 15.8 0.026 0.7%
Steel: A36 K 31 320 12 49.6 0.090 0.75
Electrode: E70S-3 GMAW L 31 350 26 25.0 0.051 07§

Steel: AS516 1 30 300 11 9.1 0.088 {

Electrode: E70S-3 GMAW W 29 320 25 24.2 0.046 1
Steel: AS14 v 27 320 10 51.8 0.110 0.7s
Electrode: E1208-1 GMAW U 26 275 27 159 0.034 .75
) 28 400 27 249 0.060 078

*Metric conversion tactors:
1 in./min = 1524 mm/sec
t kJfin. = 39.37 J/mm
1 sq in. = 645.16 mm?
1in. =254 mm

The tower limit for voltage was determined to be
28 V. the arc could not be maintained at lower voltages
because it tended to short circuit. The higher limit of
32V was based on visual inspection of the external sur-
face and macrospecimen, and on the handling charac-
teristics of the electrode with long arc lengths. Figure 8
shows the limit for travel speed determined by bead
shape and the amount of undercut.

~ E6011. The E6011 electrode is quite similar to
E6010 in arc characteristics, but sodium is used in
place of potassium, which allows the electrode to be
used with alternating as weli as direct current. Current
range for this electrode is also 75 to 125 A. At the
lower end of the current range, the penetration was
minimal, and overall the penetration was less than that
of the E6Q10 electrode.

The voltage was varied between 28 and 35 V. Based
on the same criteria used for the E6010 electrode, the
voltage range was determined to be 28 to 32 V. Travel
speed was varied between 6 and 11.4 in./minute (152
and 290 mm/minute). Figure 9 shows the limits of
travel speed determined by bead shape and the amount
of undercut.
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E6013. The E6013 electrode was originally designed
for light gauge sheet metal, although larger electrode
diameters are used for single pass. high speed. horizon-
tal fillet welds. The electrode can be used for welding
sheet metal in a vertical down position.

The current range for this electrode is 130 to 150 A.
The voltage used ranged from 22 to 27 V: the voltage
limits were 22 to 26 V. The travel speed was varied
from 7.2 to 17.8 in./minute (97 to 452 mm/minute).
Figure 10 shows the limits on travel speed for this
electrode.

E7018. The E7018 electrode has a smooth, quiet
arc with small amounts of spatter and low penetration.
Very high welding speed can be used with this elec-
trode. The coating contains between 25 and 40 percent
iron powder. This low-hydrogen electrode is used
whete other types of electrodes could cause underbead
or delayed cracking, which is usually attributed to hy-
drogen pictup from the arc aitmosphere. The current
range for this electrode is 115 to 165 A. The test welds
were made with voltages between 25 and 38 V. Based
on the bead shape, porosity content, and usability. the




Table 9
Bead-on-Plate Established Voltage Limits

Electrode Voltage Limits, V
L6010 28 10 32
E6011 2810 32
E6013 2210 26
E7018 2510 28
E7024 26 10 32
E8018 221028
EL1018 2510 30

limits on voltage were determined to be 25 and 28 V.
The travel speed was varied between 6.3 and 22.9 in//
minute (160 and 582 mm/minute). Figure 11 shows
the travel speed limits for the E7018 electrode.

Weld beads produced with E7018 on the different
types of steel plate showed no differences that were
related to the plate. Therefore, to determine the toler-
able limits of voltage and travel speed, all welds made
with the E7018 electrode were grouped together — as
were the welds produced with the E7024 electrode.

E7024. The E7024 electrode’s heavy coating, which
contains high percentages of iron powder. makes up
about 50 percent of the total electrode weight. E7024.
which is manufactured specifically for flat position and
horizontal fillet welding, has a smooth, quiet arc with
very small amounts of spatter. This electrode generally
has minimal penetration and can be used with high
lineal speed.

The current range for this electrode is 115 to 165 A.
Weld beads were produced with voltages from 26 o0
42 V and travel speeds from 7 to 26.7 in./minute (178
to 678 mm/minute). The usable range for voltage was
determined to be 26 to 32 V. Figure 12 shows the
travel speed for this electrode.

E8018. EB018, used with high strength steel, is a
low-hydiogen electrode with arc characteristics similar
to E7018. The electrode provides shallow penetration
with a smooth, quiet arc and small amounts of spatter.

The current range for E8018 is 150 to 220 A. The
voltage used for this electrode ranged from 22to 36 V,
and the travel speed ranged from 8 to 20 in./minute
(203 to 508 mm/minute). The usable voltage range was
determined to be 22 to 28 V. Figure 13 shows the
travel speed limits at various current levels.

E11018. The E11018 electrode is also a low-hydro-

gen electrode used for high-strength. low-aloy steels.
The are characteristics are similar to the E701R8 und
E8018 electrodes. The current range for E110181s 113
to 165 A. The voltage range was 25 to 35 V. and the
travel speed ranged from 6.3 to 17.8 in./minute (160
to 452 mm/minute). The voltage range for this elec-
trode was determined to be 25 to 30 V. Above 30 V.
porosity and spatter became a problem, and below
25 V usability dropped off because of short circuiting.
Figure 14 shows the travel speed limits for the E11018§
electrode.

GMAW Welds

The travel speed. voltage. and current limits for the
GMAW electrodes could not be delineated as clearly as
for the SMAW electrodes. Arc voltage and current level
combinations can be adjusted to give several types of
metal transfer. With the use of argon and 2 to 5 per-
cent oxygen addition. transfer can be by large droplets
(globular) at low power levels. or by a fine spray at
high power levels. There is a definite transition to sprav
transfer. which is the method normally used with
argon-oxygen shielded GMAW.

With carbon dioxide shield gas. three tvpes of trans-
fer — short circuit, repelled. and projected — can be ob-
tained. depending on the levels of current and voltage.
The short circuiting transfer method (which was devel-
oped for thin materials and welding in the vertical and
overhead position) involves transfer of weld metal from
the electrode tip by repetitive short circuits through
contact of the molten electrode and the work piece.
The diameters recommended for short circuiting weld-
ing are 0.030 in. (0.8 mm) or 0.045 in. (1.1 mm). The
0.062-in.-diameter (1.6-mm) wire used in this investi-
gation is not normally used in short circuiting transter
because of the high currents required to melt an elec-
trode of this size. Higher current and voltage cause
droplets to form at the end of the electrode. As these
droplets enlarge. they begin to detach from the elec-
trode by gravity. Forces in the center of the arc give
the drop an initial acceleration that repells it from the
weld pool. With increased current levels. the electro-
magnetic forces pinch the drop off and project it
toward the weld pool. The projected transfer mode is
most frequently used because it gives better penetra-
tion and less spatter and the repelled transfer mode.

Figures 15 through 21 are graphs of voltage versus
current levels for the GMAW electrodes used in this
study. The lines on these graphs represent the bound-
arfes between types of metal transfer. In Figure 17, the
two points at the lower left are from arcs that exhibited




short circuiting characteristics but were very erratic
and had minimai usability; settings in these arcs are not
recommended when a shield gas of argon with 2 per-
cent oxygen addition is used. The spray transfer region
was established for the three electrodes which can be
used with argon-oxygen shield gas (Figures 15, [7,
and 21).

The four electrodes shielded with carbon dioxide
gas — E70S-2, E70S-3, E70S<4 and E708-6 — exhibited
the three types of weld metal transfer. Figures 16, 18,
19, and 20 show the limits of the three transfer modes.

The travel speed for each electrode ranged from 5 to
35 in./minute (127 to 889 mm/minute). Except for the
E70S-2 electrodes shielded with argon-2 percent oxy-
gen addition and A36 steel, no significant undercutting
was present at the toe of weld. Further examination of
the A36 welds showed that the problem of undercut
was caused by a cast in the weld wire that torced the
arc to one side. leaving an undercut toe on the opposite
side. The usable range of trave] speed was 10 to 35 in./
minute (254 to 889 mm/minute). Below 10 in./minute
(254 mm/minute) the weid crown became too high.
exceeding the 1/8-in. (3.2-mm) limit specified in AWS
D1.1. A few isolated weld beads other than those de-
posited at slow travel speeds exceeded the maximum.
These were attributed to short arc lengths and high
current levels that did not allow the weld metal to
spread out, causing tall, narrow weld beads.

A36 SMAW Butt Welds
Tensile Test Results

Table 10 and Figures 22 and 23 present the tensile
test results for the E7018 weld metal and the A36
HAZ specimens over the ranges of heat input and nug-
get area tested. The weld metal yield strengths are
spread over a 15.2 ksi (104.8 MPa) range. Figures 22
and 23 show the weld metal strength data plotted
against heat input and calculated nugget area, respec-
tively. Both figures show a trend of weld metal vield
strengths decreasing as heat input and nugget area in-
crease. To determine which parameter, heat input or
nugget area, was a more sensitive predictor of yield
strength, linear correlation coefficients (r) were com-
puted for both.* The coefficients for heat input

*The correlation coetficient is the ratio of the explained
vaniation to the total variation. For zero explained variation,
the correlation coefticient is 0. For completely explained varia-
tion, the coefficient is £ 1. All other coetticients vary between
+1 and -1, with increasingly cxplained variations approaching

t],

(r = —0.399) and nugget area (r = —0.392) were not
significant and indicated that for the test conditions
under study, both were equally poor predictors of
yield strength under straight-line conditions.

The HAZ yield strengths varied widely from 46.2
to 69.0 ksi (318.5 to 4755 MPa). The yield strength
did not correlate significantly with either nugget area
(r = 0.280) or heat input (r = 0.262): therefore, neither
could be used to predict HAZ vield strength. Review of
the HAZ vield strength data shows increasing vield
strength with increasing heat input up to approxi-
mately 30 kJ/in. (1181.1 J/mm) heat input. Then vield
strength decreases with increasing heat input. In other
words, the data indicate that the HAZ yield strength
peaks somewhere between 30 and 35 kJ/in. (1181.]
and 1378 J/mm). Even at the lowest strength levels of
the HAZ, the material is still significantly stronger than
the unaffected base plates surrounding the weld joints.

The ultimate tensile strength (UTS) of the weld
metal specimens varied between 739 and 89.6 ksi
(5095 and 617.8 MPa); increasing heat inputs and
nugget areas were associated with decreasing UTS. The
linear correlation coefficients for the UTS of the weld
metal versus heat input and nugget area were —0.819
and —0.807. respectively. The trends observed in weld
metal UTS results are similar to those observed for the
yield strength data. None of the heat input or nugget
area conditions used in this investigation produced
a UTS below the specitication minimum of 72 ks
(496 .4 MPa).

The UTS of the HAZ specimens varieu between
70.6 and 83 .4 ksi (486.8 and 575.0 MPa). As with the
yield strengths, the HAZ UTS did not correlate signifi-
cantly with either heat input (r = 0.539) or nugget
area (r = 0.594); therefore neithier could be used to
predict HAZ tensile strength. The trend of increasing
tensile strength with incre.sed heat input and nugget
area is similar to that found in the yield strength data.
although the HAZ tensile strength data did not peak at
30 to 35 kJ/in. (1181.]1 to 1378 J/mm), but steadily
increased through the range of heat inputs and nugget
areas tested.

The true fracture stress and the true strain at
fracture were calculated to provide information on
strength and ductility of the weldments. There was no
significant correlation between either heat input or
nugget area with these two quantities.

Impact Test Results

Figures 24 through 32 graph the impact energy
versus test temperature for each weldment. The figures




contain the all-weld metal impact results and the asso-
ciated HAZ impact results. The impact energv at a
given temperature for the HAZ specimens in most cases
is lower than that of the all-weld metal specimens. Be-
cause of the shrinkage stresses of the weld metal, some
of these weldments were so warped that dynamic tear
test specimens could not be machined from the plates.
Consequently, each dynamic tear specimen was con-
verted to three Charpy V-notch (CVN) specimens.

The upper shelf energy level for all the weldments
tested was considerably lower for the HAZ specimens
than for the all-weld metal specimens. The transition
temperatures for the CVN and the dynamic tear test
specimens cannot be correlated with each other and
cannot be used together to generate a correlation coef-
ficient with either the heat input or the nugget area. In

one weldment (C2), the energy curves for the HAZ and
the all-weld metal specimens cross, indicating that the
transition temperature for the HAZ was lower than
that for the all-weld metal specimens. In either case,
transition was well below 0°C. The transition tempera-
ture for all the weld specimens being measured with
the CVN specimen or the dynamic test specimens was
a maximum of 0°C. The transition temperatures for
the HAZs were a maximum of 0°C. Two of the HAZ
energy curves, specimens B4 and B3, were very flat.
There appear to be no trends in the transition tempera-
tures for the HAZ or the weld metal specimens tested.

Analysis of Mechanical Properties

In a general analysis of the mechanical properties
of the A36 SMAW weldments, it is important to com-

Table 10
All-Weld and HAZ Tensile Data for A36 SMAW
Butt Welds Using E7018 Electrodes

Ultimate True Stress True
Specimen Yield Strength Tensile at Fracture Fracture
Code (ksi)* Strength (ksi) (ksi) Strain
All-Weld Metal Specimens

B4 77.4 89.3 185.5 1.21

732 89.0 193.7 1.23

B7 72.4 86.7 188.5 . 1.29

75.0 87.6 189.3 1.2

B8 67.4 81.7 190.8 1.3

74.8 86.9 185.2 120

B9 70.2 84.7 191.8 1.29

78.4 89.6 185.9 1.11

B6 69.5 86.1 183.7 115

76.6 89.3 191.1 1.26

B3 72.2 86.1 191.1 1.27

63.7 85.9 181.5 1.23

C2 73.7 86.9 154.3 0.94

63.7 81.2 2139 .44

C1 71.9 81.1 120.6 0.71

63.2 75.8 164.7 1.19

D6 73.4 80.8 184.5 1.36
65.6 739 94.2 0.31 (defect)

HAZ Specimens

B4 49.8 74.2 141.7 0.92

B? 46.2 70.6 146.3 1.04

B8 66.6 81.9 169.2 1.01

B9 523 74.7 145.3 092

B6 59.5 78.3 157.7 0.97

B3 62.2 80.1 159.7 0.99

C2 69.0 R81.6 145.9 0.85

Cl 60.1 76.8 156.8 1.04

D6 56.0 83.4 155.9 092

*] ksi = 6.89 MPa
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pare the propesties of the weld metal and the HAZ to
those required tor the base plate and the electrodes.
Table 5 indicates that the AWS AS5.]1 minimum yield
sttength tor the FTO18 electrode is 60 ksi (414 MPa);
Table 4 indicates that the minimum A36 yield strength
15 36 Ksi (248 MPa). As shown in Figures 22 and 23,
all the HAZ wvield strengths significantly exceeded
both this specified minimum and the yield strength in
Tabie 4 for the A36 base plate over the ranges of heat
input and nugget area investigated. The weld metal
vield strength met or exceeded the minimum of 60 ksi
(414 MPa) for the electrode in all heat inputs and
nugget areas investigated.

One-third of the HAZ specimens’ UTSs were above
the 58 to 80 ksi (3999 to 551.6 MPa) range for A36
steel, and all were higher than the unaffected base plate
at 66 1o 07 ksi (455 to 462 MPa). The UTS of the all-
weld metal specimens exceeded the 72 ksi (496.4 MPa)
minimum requirements. However, at the highest heat
input {51.2 kJ/in. [2015.8 J/mm]) and the largest
nugget area (0074 sq in. {47.7 mm?]). the UTS of
the weld metal declined almost to the minimum
requirement.

The A36 base plate and the E7018 electrode do not
have specified dynamic tear impact requirements. How-
ever. results of base plate testing (Figure 1) show that
the transition temperature for A36 steel is about —5°C.
The transition temperatures for all weidments except
B8 and C2 are significantly higher than the value in
Figure 1. These two weldments have transition tem-
peratures at or just below the reported value. Thus, the
transition temperature of welded A36 steel should be
considered in design and fabrication if impact resis-
tance is a critical factor.

During test plate fabrication, side wail fusion and
depth of penetration become increasingly difficult
to control at heat input and nugget areas less than
20 KJ/in. (787.4 J/mm) and 0.03 sq in. (19.4 mm?),
respectively. This. when coupied with the above cri-
teria for weld metal yield strength, places the accept-
able range for heat input at 20 to 55 kJ/in. (787 4 to
2165.4 J/mm), and nugget area at 0.03 to 0.08 sq in.
(194 to 51.6 mm?) for the SMAW process using the
E7018 electrodes on A36 steel.

A518 SMAW Butt Weldments

Tensile Test Results

Table 11 and Figures 33 and 34 present the tensile

test results for the E7018 weld ! =tsl and the ASl6

HAZ specimens. The weld metal yield strengths are
spread over a 13.1 ksi (90.3 MPa) range varying from
63.7 10 76 .8 ksi (439.2 to 529.5 MPa). The weld metal
yield strengths per heat input or nugget area for the
AS516 weldments with the E7018 electrode are nearly
identical to those for the A36 weldments with the
same electrode. Figures 33 and 34 show the weld metal
vield strength data plotted against heat input and nug-
get area. Both figures show a trend of decreasing weld
metal yield strength as heat input and nugget area in-
crease. The linear correlation coefficient for the weld
metal yield strength versus heat input is —0.429; for
the weld metal yield strength versus nugget area it is
—0.472, and is only marginally significant.

The HAZ yield strengths varied between 53.3 and
739 ksi (367.5 and 509.5 MPa), with increasing heat
inputs and nugget areas producing lower yield strengths
(Figures 33 and 34). The linear correlation coefficient
for HAZ yield strength versus heat input was —0.271;
the coefficient for HAZ yield strength versus nugget
area was —0.287. These correlation coefficients are
very low; therefore, neither quantity could be used to
predict HAZ yield strength.

The UTSs of the weld metal specimens varied be-
tween 78.2 and 90.2 ksi (538.2 and 621.9 MPa). with
increasing heat inputs and nugget areas associated with
decreasing UTSs. As with the yield strengths, the UTSs
of the AS516 weldments were in the same range as the
UTS for the A36 weldments with the same electrode.
Linear correlation coefficients for the weld metal ver-
sus the heat input and nugget area were —0.292 and
—0.322. respectively. The correlation coefficients were
relatively low; therefore, nugget area and heat input
cannot be used as a predictor of weld metal UTS.

The UTS of the AS16 HAZ specimens varied be-
tween 75.2 and 87.6 ksi (518.5 and 604 MPa), with
increasing heat inputs and nugget areas associated with
decreasing UTS. The linear correlation coefficients for
the HAZ UTS versus heat input and nugget area were
—0.113 and —0.414, respectively . The correlation coef-
ficient for the HAZ UTS versus nugget area is much
higher than that for heat input, although still only
marginally significant.

To indicate the strengths and ductility of the weld-
ments, the true fracture stress and the true strain at
fracture were calculated for all specimens tested. There
was no significant correlation between either heat input
or nugget areas with these two quantities.




*1 ksi=6.89 MPa

Impact Test Results

Figures 35 through 43 graph the dynamic tear im-
pact energy absorbed versus test temperature for each
weldment for the range of heat input and nugget areas
tested. Each figure contains the all-weld metal impact
results and the associated HAZ impact results. As with
the A36 impact results, the impact energy at a given
temperature for the HAZ specimens is lower than that
for the all-weld metal specimens (except the lower
shelf of weldment C3), and the transition temperatures
are generally spread from —20 to +20°C for all the
heat inputs and nugget areas tested. The transition
temperatures for the all-weld metal specimens were
between —20 and +20°C — except for specimen C4,
which had the highest heat input and nugget area. The
transition temperature for specimen C4, with a heat
input of 51.5 kJ/in. (2027.6 J/mm) and a nugget area
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Table 11
All-Weld and HAZ Tensile Data for AS16 SMAW
Butt Welds Using E7018 Electrodes

Ultimate True Stress True
Specimen Yieid Strength Tensile at Fracture Fracture
Code (ksi)* Strength (ksi) (ksi) Strain

All-Weld Metal Specimens

B0 69.6 81.9 198.5 1.39
75.8 90.2 185.0 1.05
Bll 68.7 82.8 181.6 1.2§
76.8 87.6 182.3 1.24
BI2 68.4 81.8 188.7 1.33
736 85.2 189.7 1.29
Bl4 66.7 81.7 182.5 1.31
72.2 83.2 186.1 1.32
B13 68.4 82.2 190.4 1.35
74.2 85.7 184.9 1.29
B1S 63.7 78.2 186.5 1.3%
69.4 80.1 162.0 1.09
C3 744 87.0 188.6 1.23
66.2 81.5 196.6 1.36
DS 76.4 84.2 177.8 1.23
Cc4 68.4 82.7 193.4 1.35
57.6 81.2 184.4 1.25
HAZ Specimens
B10 73.9 87.6 188.5 1.20
Bll 54.8 80.1 1579 1.01
B12 53.3 76.5 168.0 1.11
B14 64.8 84.2 170.6 1.08
B13 69.3 84.5 190.7 1.24
B1S 59.9 79.2 151.0 0.99
C3 54.6 754 153.2 1.06
D5 58.3 75.2 140.5 1.01
C4 61.1 81.1 160.1 1.02

of 0.074 sq in. (47.7 mm?), was approximately —40°C.
There is very little apparent correlation between the
transition temperature and either heat input or nugget
area.

Analysis of Mechanical Properties

The mechanical properties of the A516 weldments,
when compared with the specification requirements,
indicate that the yield strength of the E7018 electrode
drops below the 60 ksi (413.7 MPa) minimum require-
ment at heat inputs and nugget areas near 51.5 kJ/in.
and 0.074 sq in. (2027.6 J/mm and 47.7 mm?). respec-
tively (Figures 33 and 34). But none of the HAZ yield
strengths drops below the 38 ksi (262 MPa) minimum
specified for the base plate or the values recorded in
Table 4 for unaffected base plate.

P



The UTSs of the weld metal specimens all met mini-
mum requirements of AWS A5.1 at the heat inputs and
nugget areas used in this investigation. The UTSs of
the HAZ specimens were within the specified 70 to
90 ksi (482.6 to 620.5 MPa) range for ASTM AS16,
Grade 70 base plate.

Neither the A516 plate nor the E7018 electrode has
specified dynamic tear impact requirements. Figure 2
shows the impact results from unaffected base plate.
The transition temperature for the plate is —5°C; the
HAZ specimen’s transition temperature is higher than
this. Thus, the impact resistance of the HAZ and the
weld metal may be significantly less than that of the
base plate and should be considered in the design and
fabrication of AS516 welded components if impact
resistance is critical.

As with the A36 plate, side wall fusion and depth
penetration became increasingly difficult to control
at heat input and nugget areas iess than 20 kJ/in. and
0.03 sq in. (787.4 J/mm and 19.4 mm?), respectively.
This, when coupled with the weld metal yield strength
criteria, places the acceptable range for heat input at
20 to 50 kJ/in. (7874 to 1968.5 J/mm), and the nug-
get area at 0.03 to 0.07 sq in. (19.4 to 45.6 mm?) for
the SMAW process using E7018 electrodes on AS16,
Grade 70 steel.

A514 SMAW Butt Weldments
-Tensile Test Results

Table 12 and Figures 44 and 45 present the tensile
test results for the E11018 weld metal and the A514
HAZ specimens over the range of heat input and nugget
areas tested. Except for one tensile specimen (yield
strength = 96.4 ksi {665 MPa]) with possible hydrogen
. damage, all the weld metal specimens were above the
97 ksi (668.8 MPa) minimum yield strength require-
ment for the weld metal. Figures 44 and 45 show the
weld metal yield strength data plotted against heat
input and nugget area. Both figures show a trend of
decreasing weld metal yield strength as heat input
and nugget area increase. The linear correlation coeffi-
cients for heat input (r = —0.238) and for nugget area
(r = —0.290) were not significant; consequently, the
heat input and nugget area are not linearly related to
the vield strength results.

The HAZ yield strength varied between 100.6 and
121.8 ksi (693.6 and 839.8 MPa). The HAZ yield
strength did not correlate very well with eituer heat
input (r = —0.347) or nugget area (r = 0.578). The

29

HAZ vyield strength tended to decrease with increased
heat input but was relatively flat when compared with
nugget area. The HAZ yield strength also met the mini-
mum specification requirements for the AS514 steel,
but was significantly lower for most specimens than
the tabulated yield strength of the unaffected AS14
base plate in Table 4 (121 ksi [834 MPa]).

The UTS of the weld metal, varying from 109.3 to
137.8 ksi (753.6 to 950.1 MPa). did not correlate very
well with either the heat input (r = —0.238) or nugget
area (r = —0.290). But as with yield strength. the UTS
tended to decrease with increasing heat input and
nugget area.

The UTS of the HAZ specimens varied between
1123 and 129.1 ksi (774.3 and 890.1 MPa). As with
the HAZ yield strength. the HAZ UTS did not corre-
late with either heat input (r = 0.042) or the nugget
area (r = 0.020). Again the linear regression analysis
was not effective in determining any trend between
either heat input or nugget area and the UTS. Al
UTS specimens of the HAZ were within the 110 to
130 ksi (758 4 to 896.3 MPa) range specified by ASTM
AS14.

The true fracture stress and the true strain at frac-
ture were calculated to provide information on the
strength and ductility of the weldments. These two
quantities did not correlate significantly with either
heat input or nugget area.

Impact Test Results

Figures 46 through 54 graph the impact energy
versus test temperature for each weldment. Each figure
contains the all-weld metal impact results and the asso-
ciated HAZ impact results. As with the A36 SMAW
impact specimens. some of the weldments had warped
so much that dynamic tear specimens could not be
machined from the weldment; therefore, each was con-
verted into three CVN impact specimens. Except for
the CS weldment, the all-weld metal specimens showed
a higher impact energy at a particular temperature than
did the HAZ specimens. Weldment C5 had HAZ energy
in the transition zone somewhat above the all-weld
metal energy, and had a lower transition temperature
than did the weld metal. For the specimens tested, no
trend can be identified in heat input or nugget area
versus the transition temperatures. Some of the weld-
ments do not show any transition temperature over
the range of temperatures tested. Other weldments are
apparently all at the upper range of temperatures,
while still others show very definite transitions from
—60 to 0°C.




Table 12
All-Weld and HAZ Tensile Data for AS14 SMAW
Butt Welds Using E11018 Electrodes

Ultimate True Stress True
Specimen Yield Strength Tensile at Fracture Fracture
Code (ksi)®* Strength (ksi) (ksi) Strain
All-Weld Metal Specimens
B16 113.4 123.8 199.3 0.83
114.5 120.9 2126 0.96
B17 114.4 124.5 215.6 0.90
120.3 125.5 162.9 0.31 (detect)
B18 105.4 120.3 211.0 0.93
106.9 115.6 206.5 0.97
B19 117.4 127.8 2245 0.85
127.8 137.8 247.0 0.80
B20 114.3 126.3 2108 .90
110.3 120.7 205.5 0.79
Cé 103.9 113.5 240.6 1.19
107.1 127.3 238.9 0.98
B21 106.3 119.5 210.1 0.9!
96.4 109.3 185.0 0.75
Cs 105.1 113.2 198.8 0.95
108.0 126.1 208.3 0.84
D7 115.6 123.4 211.2 0.87
110.3 121.8 164.9 0.31 (detect)
HAZ Specimens
B16 116.8 124.8 2395 1.17
B17 109.9 118.8 235.5 1.21
B18 1154 123.3 2359 1.13
B19 100.6 119.7 207.3 0.78
B20 121.8 129.1 2079 0.74
Cé 114.6 123.1 203.0 0.77
B21 100.5 112.3 227.3 .26
Cs 117.4 125.5 204.2 0.72
D7 115.7 124.6 199.6 0.67

*] ksi = 6.89 MPa

Analysis of Mechanical Properties

The mechanical properties of the A514 weldments,
when compared with the specification requirements,
indicate that the yield strength of the E11018 weid
metal meets the requirements of 97 ksi (668.8 MPa)
in all cases but one, where the yield strength was
96.4 ksi (664.6 MPa). The HAZ yield strengths met
the base plate yield strength requirement of 100 ksi
(689.5 MPa) minimum for all heat inputs and nugget
areas used in this investigation. The weld metal UTS
was above the 110 ksi (758.4 MPa) minimum required
by AWS AS.1 — except for one specimen which had a
UTS of 109.3 ksi (753.6 MPa). This was the same speci-
men that had the 96.4 ksi (664.7 MPa) yield strength.
The HAZ UTS was within the base plate specification
for UTS (110 to 130 ksi [758.4 to 896.3 MPa}) for all
heat inputs and nugget areas used in this investigation.
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As with the previous test series, neither the AS14
plate nor the E11018 electrode had specified dynamic
tear impact requirements. The transition temperature
shown in Figure 3 for the AS514 steel is —65°C; the
impact test data indicate that the HAZ transition tem-
peratures are all significantly higher (above —60°C).
Some of the weldments did not show a transition tem-
perature for the impact energy within the range tested;
therefore, a qualitative statement cannot be made
about the working temperature versus the impact
properties of the A514 steel and the E11018 electrode.

As with the other tests, joint side wall fusion and
depth of penetration become increasingly difficult to
control at heat inputs and nugget areas below 20 kJ/in.
(787.4 J/mm) and 0.03 sq in. (19.4 mm?). The yield
strength, when projected using the linear regression
line, drops below the minimum requirement well above




60 kl/in. (2362.2 J/mm), but this is not conclusive
because the correlation coefficient for this line has a
significantly low value (r = —0.347). The high heat
input weld (57.2 kJ/in. [2257.0 J/mm] and nugget
area of 0.080 sq in. [51.6 mm?]) was difficult to pro-
duce because the combinations of high current and
slow travel speed made control of the weld puddle
difficult. Therefore, the traditional maximum heat
input allowance of 55 klfin. (21654 J/mm) for this
material should be used. This makes the acceptable
range of heat input from 20 to 55 kJ/in. (787.4 to
2165.4 J/mm) and nugget area from 0.03 to 0.08 sq in.
(194 t0 516 mm?) for SMAW using the E11018 elec-
trode on A514 steel.

A36 GMAW Butt Weldments
Tensile Test Results
Table 13 and Figures 55 and 56 present the tensile

test results for the E70S-3 weld metal and the A36
HAZ specimens over the ranges of heat input and nug-

get area tested. The weld metal yield strengths are
spread over a 21.1 ksi (145 MPa) range. Figures 55 and
56 show the weld metal strength data plotted against
heat input and calculated nugget area. Both figures
show a highly correlated linear trend of weld metal
yield strength decreasing as heat input and nugget area
increase. The correlation coefficients for heat input
(r = —0957) and nugget area (r = —0.937) were not
significantly different, indicating that for the test con-
ditions under study both were equal predictors of yield
strength.

The HAZ yield strengths were relatively uniform —
between 44.1 and 58.3 ksi (304 and 402 MPa). The
yield strength showed no trend in relation to area or
heat input.

The UTS of the weld metal specimens varied be-
tween 682 and 88.2 ksi (470.2 and 608.1 MPa); in-
creasing heat input and nugget areas were associated
with decreasing UTS. The linear correlation coefficients
for the UTS of the weld metal versus heat input and

Table 13
All-Weld and HAZ Tensile Data for A36 GMAW
Butt Welds Using E70S-3 Electrodes

Ultimate True Stress True
Specimen Yield Strength Tensile at Fracture Fracture
Code (ksi)* Strength (ksi) (ksi) Strain
All-Weld Metal Specimens

B82S 75.0 88.2 168.6 0.91
70.2 834 162.0 091

B26 71.4 87.0 165.8 0.95
69.7 84.4 156.2 0.86

B24 68.3 82.4 149.7 0.85
67.) 80.6 137.5 0.74

B23 65.5 80.0 119.3 0.67
62.0 77.4 157.0 1.06

B27 61.4 75.2 161.3 1.09
6l.2 76.0 147.0 0.96

D4 58.5 68.2 130.1 1.00
54.5 69.4 88.1 0.53

B22 539 734 168.9 1.18
54.1 72.0 160.5 1.20

HAZ Specimens
B2S 56.0 75.2 143.1 0.97
B26 57.7 75.2 117.6 0.78
B24 49.6 71.0 163.1 1.18
B23 4.1 69.4 161.8 1.18
B27 49.1 70.0 145.3 1.06
D4 58.3 82.2 144.6 0.95
B22 53.1 74.2 150.8 1.02
*1 ksi = 6.89 MPa
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nugget area were —0.864 and —0.820, respectively. The
trends in the weld metal UTS results are similar to
those for the yield strength data.

The UTS of the HAZ specimens varied between
69 .4 and 82.2 ksi (478.5 and 566.8 MPa). As with the
yield strengths, the HAZ UTS did not correlate signifi-
cantly with either heat input (r = 0.198) or nugget area
{r = 0.101); therefore, neither could be used to predict
HAZ tensile strength.

The true fracture stress and strain at fracture were
calculated to provide information on the strength and
ductility of the weldments. There was no significant
correlation between either heat input or nugget area
with these two quantities.

Impact Test Results

Figures 57 through 63 graph the dynamic tear im-
pact energy versus test temperature for each weldment.
The figures give the all-weld metal impact results and
the associated HAZ impact results. The impact energy
at a given temperature for the HAZ specimens is lower
than that for the all-weld metal specimens. The transi-
tion temperatures of the HAZ specimens were ail above
20°C. whereas those for the all-weld metal specimens
were below 12°C. The correlation coefficients of the
weld metal transition temperatures and the HAZ transi-
tion temperatures versus heat input or nugget area were
not significant.

Analysis of Mechanical Properties

In a general analysis of the mechanical properties
of the A36 weldments, it is important to compare the
properties of the weld metal and HAZ to those re-
quired for the base plate and electrodes. Table 5 indi-
cates that the AWS A5.18 minimum yield strength for
the E70S-3 electrode is 60 ksi (413.7 MPa); the A36
steel is 36 ksi (248.2 MPa). as shown in Table 4. Fig-
ures 55 and 56 indicate that over the ranges of heat
input and nugget area investigated, all the HAZ yield
strengths significantly exceeded the specified minimum
and actual yield strengths reported in Table S for the
A36 steel. At heat inputs for nugget areas greater than
50 kJ/in. (1968.5 J/mm) and 0.10 sq in. (64.5 mm?),
the weld metal yield strength fell below the 60 ksi
(413.7 MPa) weld metal minimum.

The UTSs of all but one HAZ specimen were within
the specified range of 58 to 80 ksi (400 to 551.6 MPa)
for A36 steel, and all were significantly higher than
the UTS of the base plate (66.2 to 67.2 ksi [456.4 to
463.3 MPa|) shown in Table 4. The UTS of the weld
metal met the 72 ksi (496.4 MPa) minimum in all cases.
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When comparing the results of the GMAW and
SMAW weldments, note that the GMAW weldments are
much more sensitive to changes in heat input and nug-
get area. The slopes of the best fit lines are much larger
with GMAW than with SMAW. The HAZ results are
about the same in both cases, indicating that the HAZ
is somewhat process independent.

The mode of metal transfer used is the possible
cause of the higher sensitivity of the GMAW weld metal
to heat input and nugget area. With the GMAW system,
all alloying agents and deoxidizers must be in the solid
wire and must pass through the arc. Whereas with the
SMAW system. the alloying agents, deoxidizers, and
slag formers are all in the coating material. Therefore,
the GMAW system uses a very fine particle spray where
the molten electrode material is projected through the
arc. With the SMAW process, large globules of metal
form at the end of the electrode before being forced
across the arc by the expanding gases from the coating.
As a globule is forming, the metal picks up alloying
materials and deoxidizers from the electrode’s coating
before being projected to the plate.

The A36 base plate and the E70S-3 electrode do not
have specified dynamic tear impact requirements. How-
ever, results of tests on the base plate (Figure 1) show
that the transition temperature for A36 steel is about
—6°C. As stated earlier, the transition temperatures of
the HAZ tests were ail above +20°C, which is signifi-
cantly higher than the —5°C value reported. Thus, the
HAZ’s impact resistance between +30 and —5°C is sig-
nificantly less than the base plate’s; this should be con-
sidered in the design and fabrication of A36 welded
components if impact resistance is critical.

During test plate fabrication, sidewall fusion and
depth of penetration became increasingly difficult
to control at heat inputs and nugget areas less than
20 kJ/in. (787.4 J/mm) and 0.045 sq in. (29.0 tnm?),
respectively. This, when coupled with the above weiu
metal yield strength criteria, places the acceptable
range for heat input at 20 to 50 kJ/in. (7874 to
1968.5 J/mm) and nugget area at 0.045 to 0.10 sq in.
(29.0 to 64.5 mm?) for the GMAW using the E70S.3
electrodes and carbon dioxide shield gas on A36 steel.

A516 GMAW Weldments
Tensile Test Results
Table 14 and Figures 64 and 65 present the tensile

test results for the E70S-3 weld metal and the ASt6
HAZ specimens. The weld metal yield strengths are
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spread over a 21.1 ksi (145.5 MPa) range, varying from
52.1 to 73.2 ksi (359.2 to 504.7 MPa). The weld metal
vield strengths per heat input or nugget area for the
AS516 weldments with the E70S-3 electrodes are nearly
identical to the strengths of A36 weldments with the
same electrodes (Tables 13 and 14). Figures 64 and 65
show the weld metal yield strength data plotted against
heat input and nugget area. Both figures show a linear
trend of weld metal yield strength decreasing as heat
input and nugget area increase. The linear correlation
coefficient for the weld metal yield strength versus
heat input is —0.877, and for the weld metal yield
strength versus nugget area, —0.852. The A516 weld-
ment test series uses the same range of nugget areas and
heat inputs as the A36 series. Thus, the relative differ-
ence between nugget area and heat input values is too
small to evaluate the sensitivities of the two parameters
to the physical test results.

The HAZ yield strengths varied between 56.2 and

71.7 ksi (387.5 and 494.4 MPa), with increasing heat
inputs and nugget areas producing lower yield strengths
(Figures 64 and 65). The linear correlation coefficient
for the HAZ yield strength versus heat input was
—0.766; the linear correlation coefficient for HAZ
yield strength versus nugget area was —0.720. Thus,
the A516 weldments’” HAZ yield strength data corre-
lated more closely with heat input and nugget area
than did the A36 specimens’.

The UTS of the weld metal specimens varied be-
tween 67 and 88.6 ksi (462 and 6109 MPa), with in-
creasing heat inputs and nugget areas associated with
decreasing UTS. As with the yield strengths, the UTSs
of the A516 weldments for each heat input or nugget
area were nearly identical to those of the A36 weld-
ments with the same electrodes. The linear correlation
coefficients for the weld metal versus heat input and
nugget area were —0.814 and —0.724, respectively,
showing a relatively higher correlation with heat input.

Table 14
All-Weld and HAZ Tensile Data for A516 GMAW
Butt Welds Using E70S-3 Electrodes

Ultimate True Stress True
Specimen Yield Strength Tensile at Fracture Fracture
Code (ksi)* Strength (ksi) (ksi) Strain
All-Weid Metal Specimens
B30 72.2 84.2 116.2 0.53
724 85.8 165.0 0.88
B29 69.5 82.6 176.2 1.09
67.2 80.2 178.7 112
B3l 73.2 88.6 170.8 0.88
65.3 79.2 140.2 0.78
D3 67.8 75.5 117.6 0.70
57.0 68.5 118.7 0.82
B32 61.6 76.2 . 169.7 111
58.9 73.2 134.6 0.89
B28 64.9 78.2 147.0 0.96
61.9 76.0 164.0 1.05
D2 59.3 67.0 120.3 0.95
54.2 67.4 118.8 0.93
B33 53.1 70.2 162.8 1.25
52.1 69.2 172.0 1.28
HAZ Specimens
B30 65.1 85.8 203.9 1.20
B29 71.7 78.8 189.5 1.06
B31 71.0 87.6 160.5 0.87
D3 64.7 84.3 173.8 1.10
B32 61.1 84.0 179.3 1.02
B28 68.5 86.2 189.4 1.15
D2 58.7 75.0 116.8 0.78
B33 56.2 74.3 146.5 0.96
*1 ksi = 6.89 MPa
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The UTSs of the AS16 HAZ specimens varied be-
tween 74.3 and 87.6 ksi (512.3 and 604 MPa), with
increasing heat inputs and nugget areas associated with
decreasing UTSs. The linear correlation coefficients for
the HAZ UTS versus heat input and nugget area were
—0.710 and —0.640, respectively. As with the yield
strengths, the A516 HAZ UTS correlated better with
heat input and nugget area than did the A36 HAZ
UTS. There was also a higher correlation with heat
input than with nugget area for the A516 HAZ UTS.

To indicate the strength and ductility of the weld-
ments, the true fracture stress and strain at fracture
were calculated for all specimens tested. There was no
significant correlation between heat input or nugget
area and these two quantities.

Impact Test Results

Figures 66 through 73 graph for each weldment the
dynamic tear impact energy absorbed versus test tem-
perature for the range of nugget areas and heat inputs
investigated. Each figure contains the all-weld metal
impact results and the associated HAZ impact results.
As with the A36 GMAW tests, the impact energy at a
given temperature for the HAZ specimens was lower
than that for the weld metal specimens, except for the
highest heat input and nugget area (72 kJ/in. [2834.7
J/mm] and 0.13 sq in. [83.9 mm?)). The transition
temperatures of the HAZ specimens were all above
20°C. The transition temperatures of the all-weld metal
specimens varied between 25 and 40°C — except the
72 kJ/in. (2834.6 J/mm) weldment, which had a tran-
sition temperature of —30°C. The HAZ specimens
showed higher transition temperatures than the all-
weld specimens. Unlike the A36 dynamic tear test
results, both HAZ and weld metal transition tempera-
tures appeared to decrease with increasing heat input
and nugget area.

Analysis of Mechanical Properties

The mechanical properties of the A516 weldments,
when compared with the specification requirements,
indicate that the yield strength of the E70S-3 electrode
drops below the 60 ksi (413.7 MPa) minimum require-
ment at heat inputs and nugget areas greater than
50 kJ/in. (1968.5 J/mm) and 0.1 sq in. (64.5 mm?),
respectively (Figures 64 and 65). But none of the HAZ
yield strengths dropped below the 38 ksi (262 mini.
mum MPa) yield strength specified for the base plate,
or the 40 ksi (275.8 MPa) yield strength presented in
Table 4.
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The UTS of the weld metal specimens dropped
below the 72 ksi (496.4 MPa) minimum requirement of
the AS516 base plate at heat inputs and nugget areas
greater than 50 kJ/in. (1968.5 J/mm) and 0.10 sq in.
(64.5 mm?). respectively. The UTSs of the HAZ speci-
mens were all within the 70 to 90 ksi (482.6 to 620.5
MPa) range for the A516 base plate.

Neither the A516 plate nor the E70S-3 electrodes
have specified dynamic tear impact requirements.
Figure 2 shows that the AS516 base plate used in this
investigation has a transition temperature of approxi-
mately —5°C. The HAZ and weld metal have signifi-
cantly higher transition temperatures. Thus, the impact
resistance of the HAZ and weld metal may be signifi-
cantly less than that of the base plate and should be
considered in the design and fabrication of the AS16
welded components if impact resistance is critical.

As with the A36 plate. sidewall fusion and depth
of penetration became increasingly difficult to control
at heat inputs and nugget areas less than 20 kJ/in. and
0.045 sq in. (787.4 J/mm and 29.0 mm?), respectively.
This, when coupled with the weld metal yield strength
criteria, places the acceptable range for heat input at
20 to 50 kJ/in. (787 4 to 1968.5 J/mm) and the nugget
area at 0.045 to 0.10 sq in. (29.0 to 64.5 mm?) for
GMAW using the E708S.3 electrodes and carbon dioxide
shield gas on A516 steel.

A514 GMAW Weldments
Tensile Test Results

Table 15 and Figures 74 and 75 present the tensile
test results of the E120S-1 weld metal and the AS514
HAZ specimens over the range of heat input and nug-
get areas tested. The weld metal yield strengths were
between 86 and 144 ksi (724 and 923 MPa). Figures
74 and 75 show the weld metal yield strength data
plotted against heat input and nugget area. Both fig-
ures show a linear trend of decreasing weld metal
yield strength as heat input and nugget area increase
(r = —0.723 for yield strength versus heat input, and
r = —0.762 for yield strength versus nugget area). As
with the A36 and the AS16 GMAW test series. the
difference between nugget area and heat input values
is too small to evaluate the relative sensitivity of the
two parameters to the physical test results.

The HAZ yield strengths varied between 47 and
1374 ksi (324 and 9474 MPa). The HAZ yield
strengths correlated significantly with heat input
(r = —0.743) and nugget area (r = —0.783), and tended




to decrease with increasing heat inputs and nugget
areas. The extremely low HAZ yield strength (47 ksi
1324 MPa|) of the highest heat input and largest nug-
get area specimen (B34) occurred because the heat of
welding changed the microstructure of the base mate-
rial in the HAZ fromm a quenched and tempered marten-
sitic structure (high strength) to a structure containing
considerable amounts of pearlite (low strength). The
linear regression was analyzed, including the tensile
test results from this plate; however, if the results were
removed from the linear regression analysis, the coeffi-
cient r would become —0.313. Physically speaking, the
HAZ data for weldment B34 should not be included
because of the phase change encountered in the HAZ.
The higher correlation coefficient with these data in-
cluded indicates that the linear relationship between
the heat input and strength level for the A514 steel is
not of physical significance, although there is some

statistical significance.

The UTS of the weld metal specimens varied be-
tween 114.3 and 1494 ksi (788.1 and 1030.1 MPa).

The weld metal UTS did not corrc’are very well with
heat input (r = —0.479) or nugge' ¢ g = —0479),
but tended to decrease with increaing neat inputs and
nugget areas — similar to the yieid strength tendencies.

The UTS of the HAZ specimens varied between
69.5 and 140.5 ksi (479.2 and 968.7 MPa). As with the
HAZ yield strength, the HAZ UTS had a more signifi-
cant correlation with the heat input (r = —0.694) and
nugget area (r = —0.736) when the results from the
HAZ of weldment B34 were inciluded. When these
results were not included, the correlation coefficient
for the HAZ UTS versus heat input was —0.148. and
for nugget area, —0.151. Like the HAZ yield strength
results, these should not be included in the linear re-
gression analysis.

True fracture stress and strain at fracture were cal-
culated to provide information on the strength and
ductility of the weldments. There was no significant
correlation between either heat input or nugget area
with these two quantities.

Table 15
All-Weld and HAZ Tensile Data for A514 GMAW
Butt Welds Using E1208-1 Electrodes

Ultimate True Stress True
Specimen Yield Strength Tensile at Fracture Fracture
Code (ksi)* Strength (ksi) (ksi) Strain
All-Weld Metal Specimens
B39 143.4 144 .4 296.2 1.2§
140.0 149 .4 3125 1.16
B38 130.5 136.0 287.0 1.22
135.3 146.0 259.6 1.01
B36 118.8 125.3 274.2 1.32
116.3 123.3 251.0 1.2
B35 1148 120.5 225.8 1.09
105.3 114.3 137.3 0.32 (detect)
B37 116.5 124.3 234.0 1.12
118.1 134.5 240.0 1.04
D1 116.0 138.0 201.5 0.92
123.3 130.5 165.9 0.36
B34 86.1 114.5 140.2 0.35 (defect)
111.3 130.1 293.3 1.19
HAZ Specimens
B39 113.0 120.5 257.1 1.25
B38 137.4 140.5 284.0 L1
B36 107.8 116.5 2374 1.22
B3S 110.1 118.1 276.3 1.37
B3? 103.5 112.3 250.9 1.32
D1 114.8 127.4 179.7 0.53
B34 46.9 69.5 144.7 1.06
*1 ksi = 6.89 MPa
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Impace Test Results

Figures 76 through 82 graph the dynamic tear im-
pact energy versus test temperature for each weldment.
Each figure contains the all-weld metal impact results
and the associated HAZ impact results. I» 4] cases, the
impact energy at a given temperature for the HAZ
specimens is lower than the all-weld metal specimens.
Additionally, it appears that for the range of tempera-
tures tested (—40 to +40°C) the HAZ specimens were
ail on one shelf or the other. and the all-weld metal
specimens were generally on the upper shelf. Thus it
was impossible to compare the influence of heat input
and nugget area on transition temperatures for HAZ
and weld metal specimens.

Analvsis of Mechanical Properties

The mechanical properties of the AS14 weldments,
when compared with the specification requirements,
indicate that the yield strength of the E120S-1 weid
metal exceeds the 105 to 122 ksi (724 to 841.2 MPa)
requirements at the extremes of the heat inputs and
nugget areas investigated. Below 16 klfin. (6299
J/mm) and 0.04 sq in. (25.8 mm?), the yield strength
exceeds the maximum; at 50 kl/in. (1968.5 J/mm) and
0.13 sq in. (839 mm?) the yield strength becomes
marginal, with one of the specimens dropping below
the 105 ksi (724 MPa) minimum. The HAZ yield
strengths dropped below the 100 ksi (689.5 MPa)
minimum ASTM ASI[4 base plate requirement at heat
inputs and nugget areas greater than 40 kJ/in. (1574 .8
J/mm) and 0.12 sq in. (774 mm?). It should be re-
membered that with heat inputs between 40 and 50
kifin. (15148 and 1968.5 J/mm) and nugget areas
between 0.10 and 0.13 sq in. (64.5 to 83.9 mm?),
a physical change in the HAZ occurs. causing the
strength levels of the HAZ to drop sharply from the
unaffected A514 base plate. The weld metal UTS did
not drop below the 110 ksi (757.9 MPa) minimum
required for the entire heat input and nugget area test
range, but the HAZ UTS dropped below the 110 ksi
(7579 MPa) minimum base plate requirement at heat
inputs and nugget areas greater than 50 kJ/in. (1968.5
Jfmm)and 0.12 sq in. (77.4 mm?).

As with the previous test series, neither the AS14
plate nor the E120S-1 electrodes had specified dy-
namic tear impact requirements. The transition tem-
perature for the A514 steel. as shown in Figure 3, is
about —65°C; this, when compared with the impact
data, indicates that the HAZ transition temperatures
are all significantly higher (above 30°C). Thus. for the
most common operating temperatures, the impact
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resistance of the HAZ is significantly less than that of
the base plate and should be considered in the design
and fabrication of A514 welded components if impact
resistance is critical.

As with the other tests, plate sidewall fusion and
depth of penetration became increasingly difficult to
contro} at heat inputs and nugget areas below 20 kJ/in.
(787.4 J/mm) and 0.04 sq in. (25.8 mm?), respectively.
This, with the yield strength and UTS restrictions on
the weld meta,. suggests an acceptable range of heat
input at 20 to 50 kJ/in. (787.4 10 1968.5 J/mm) and
a nugget area at 0.04 t0 0.125qin. (258 to 77.4 mm?)
for the GMAW using the E120S-! electrode and argon-
2 percent oxygen shield gas on the A514 steel.

Restrained Joints
SMAW Weldments

Visual examination during welding, magnetic par-
ticle inspection. radiographic inspection, and macro-
scopic examination were used to check the weldability
of the three steels fabricated under restraint conditions
(Table 16). Observations during welding, and in post-
weld inspection, indicated that the SMAW welds pro-
duced at less than 20 kJ/in. {787.4 J/mm) presented
operational problems. poor bead contour. and inade-
quate fusion during welding. Therefore. extensive
grinding of each weld layer was needed to produce a
satisfactory weld. Low heat input welds in A36 steel
resulted generally in HAZ cracking in some region of
the welds. [n each case, the cracks began in the HAZ
at the midsection of the 3/4-in. (19-mm) plate. Macro-
scopic examination revealed a very heavy band of
inclusions at the center plane of the plate. Only very
light inclusions were noted in the AS16 and A514 steel
macrosections, and no HAZ cracking was observed in
these steels at the low heat input level.

Tchle 17 presents the weld metal and HAZ tensile
properties for each of the restrained welds fabricated.
One weld specimen for the high heat input weld. T.
fell below the minimum 60 ksi (413.7 MPa) yield
strength for the E7018 electrode. The results of the
low heat input weld are comparable to the results from
the butt weld tests and fit the curves in Figures 22 and
23 reasonably well. The UTSs of ail the weld metal
specimens meet the 72 ksi (496.4 MPa) minimum yield
strength of AWS AS5.1. The UTSs of the HAZ speci-
mens exceed the UTS requirement range for the A36
base plate of 58 to 80 ksi (399.9 to 551.6 MPa). Both
the high and low heat input weldments exhibited a
UTS greater than 88 ksi (606.7 MPa).
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Weld T

A36

61.6 kJ/in.
(2425.2 J/mm)

Weld M

A36

25.8 ki/in.
(1015.8 J/mm)

Weld S

A36

19.9 kJ/in.
(783.54 J/mm)

Weld R

AS16

61.6 kJ/in.
(2425.2 J/mm)

Weld Q
A516

15.5 kJ/in.
(610.2 J/mm)

Weld P

AS14

40.9 kJ/in.
(1610.2 J/mm)

Weld O

AS14

15.8 kJ/in.
1622.1 J/mm)

Weid K

A36

49.5 kJ/in.
(1948.8 J/mm)
CO,

Weld L

Al6

25.0 kJ/in.
(984.3 J/mm)
CO,

Weld 1

AS16

49.6 kJ/in.
(1952.8 J/mm)
CO,

Table 16
Weldability Evaluation —~ Restrained Joints

Observations
Magnetic
Visual Particle Radiographic Macroscopic
(During Welding) Inspection Inspection Examination
SMAW Welds
Good tusion, Acceptable Acceptable Clean
good bead contour
Slightly cold, Acceptable Acceptable Small crack
acceptable bead (2-1/8 in.
contour 54 mm]) in HAZ
at mid-plate
thickness
Crack along -——— -~ ———
HAZ extending
into base metal
Good tusion, Acceptable Acceptable Light slag -
good bead contour third layer
Cold weid, Acceptable Linear indication Clean
extensive grinding 1/4-in. (6.4-mm)
needed each layer long in weld
Good fusion, Acceptable Acceptable Light slag
good bead contour and porosity
Cold weld, Acceptable Acceptable Clean
extensive grinding
needed each layer
GMAW Weids
Good fusion, Acceptable Acceptable Clean
good bead contour
Slightly cold, Acceptable Acceptabie Minor cold shuts
high bead crowns
Good tusion, Acceptable Not Clean
good bead contour radiographed
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Table 16 (cont'd)

Observations
Magnetic
Visual Particle Radiographic Macroscopic
(During Welding) Inspection Inspection Examination
Weld W Good fusion, Acceptable Acceptable Very small
AS16 slightly cold beads vold shuts or
24.2kd in. elongated pores
(932.8 J'mm)
€O,
Weld V Good tusion, Acceptable Acceptable Clean
ASId good bead contour
54.8 k1/in.
(2157.5 H/'mm
Ar-2% Oz
Weld U Cold weld, Acceptable Heavy porosity, - -
AST4 extensive grinding transverse crack
15.9 kl/in. . done in weld metal
1626.0 J/mm)
Ar-27 0a
Weld J Good fusion Acceptable Heavy Scatiered
AS14 rood bead contour porosity porosity
234 9 kJ/in.
t980.3 J/mm)
Ar-2% 04

The resulis of the AS16 tensile tests shown in Table
17 it the butt weld tensile data reasonably well, with
a high vield strength at the low heat input and a low
vield strength at the high heat input. The HAZ yield
strength in each weidment substantially exceeded the
38 ksi (262 MPa) minimum required for the A516 steel
plate. The UTS for the weld metal of each weldment
produced exceeded the 72 ksi (496.4 MPa) minimum
required by AWS AS.1. The UTS of the HAZ, in one
case the high heat input weld, met the UTS specifica-
tion requirement of 70 to 90 ksi (482.6 to 620.5 MPa)
for the AS16 plate. The low heat input weld exceeded
the requirement by S ksi (34.5 MPa).

The E11018 SMAW weld metal yield strength ex-
ceeded the 97 ksi (668.8 MPa) minimum requirement
for both the high heat input and the low heat input
weldments. As with the other restraint welds, the high
heat input weldment had the lower yield strength. The
yield strengths of all HAZ specimens met the 100 ksi
(689.5 MPa) minimum requirement for the A514 plate.
The HAZ specimens also showed the same trend as
the weld metal yield strength specimens. The UTS of
the weld metal met the specification requirement of
110 ksi (758.4 MPa) minimum in all but one specimen.
As with the other weldments, the high heat input weld-
ment produced the lowest UTS, while the fow heat

input produced the highest. The UTS of the HAZ speci-
mens was at the high end of, or exceeded. the 110 to
130 ksi (758.4 to 896.3 MPa) range for the A514 base
plate. The tensile results for the A514 weldments fit
the butt weld data reasonably well at the two heat
inputs tested for the restraint conditions.

Figures 83 through 88 show the dynamic tear
energy versus test temperature for the all-weld metal
and HAZ specimens for each of the SMAW restraint
weldments. As with the butt welds, the HAZ energy at
a given temperature is generally lower than the all-weld
metal dynamic tear energy. This suggests that the tran-
sition temperature for the HAZ is generally higher than
that for the weld metal. The HAZ transition tempera-
ture for the A36 and the A516 weldments produced
at the high heat input is lower than that for the weld-
ments produced at the low heat input. Comparison of
these results with information from previous tests of
butt welds indicates that there is no trend in the reia-
tionship between HAZ transition temperature and
either heat input or nugget area.

GMAW Weldments

Visual examination during welding, magnetic par-
ticle inspection, radiographic inspection, and macro-




Table 17
Tensile Properties of the SMAW Restrained Welds
: Reduction
Plate Yield Strength UTS Elongation in Area
Specimen Type (ksi)* (ksi) (Percent) (Percent)
All-Weld Metal Specimens
T A36 64.4 81.2 275 74.1
57.9 79.4 30.0 72.8
M A36 78.7 90.5 26.0 72.4
71.8 87.8 29.3 73.1
R AS16 65.5 80.0 30.2 734
65.3 80.9 23.6 74.0
Q AS16 83.0 99.0 19.8 54.0
81.0 94.0 28.1 70.0
P AS14 100.2 109.6 22.5 68.5
100.2 112.8 220 64.8
(¢] A514 116.0 119.7 19.9 64.4
113.3 119.3 21.6 63.3
HAZ Specimens
T A36 66.4 88.0 278 59.2
M A6 72.8 91.6 26.7 67.4
R AS16 67.8 86.0 30.0 58.7
Q AS16 83.0 95.0 26.0 69.0
P AS14 117.6 127.1 18.0 59.1
(o} A514 126.8 131.1 179 54.6

*1 ksi =6.89 MPa

scopic examination were used to check the weldability
of the three steels fabricated under restraint conditions
with the GMAW process (Table 16). Observations made
during welding and in post-weld inspection revealed
that the GMAW welds produced at less than 20 kJ/in.
(7874 J/mm) presented operational problems with
poor bead contour and inadequate fusion during weld-
ing. Therefore, extensive grinding of each weld layer
was needed to produce a satisfactory weld. Low heat
input welds in A36 steel resuited generally in HAZ
cracking in some regions of the welds. In each case, the
cracks began in the HAZ at the midsection of the
3/4.in. (19-mm) plate. These weldments were cut from
the same base plate as the SMAW restraint weldment.
No HAZ cracking was observed in the A516 or A514
steels. Transverse weld, hydrogen-induced cracking oc-
curred in one A514 GMAW weld (U) made at 16 kJ/in.
(6299 J/mm). This is the only case of weld metal
cracking found. A review of the GMAW radiographs
suggests that the quality of the carbon dioxide shielded
welds was generally better than that of the argon-2 per-
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cent oxygen welds, which exhibited varying degrees of
porosity. This may be an effect of the deeper bead
spike or papillary resulting with argon-2 percent oxy-
gen shielding gas.

The weld metal and HAZ tensile properties are re-
ported in Table 18. The high heat input A36 weldment
did not meet the minimum 60 ksi (414 MPa) yield
strength requirement for the E70S-3 electrode. It did.
however, conform to the 72 ksi (496.4 MPa) minimum
UTS requirement. The low heat input weldment ex.
ceeded the minimum requirements substantially for the
all-weld metal specimens. The HAZ specimens from
both welds were very high, and the UTS results were
outside the range specified for the A36 plate. The
tensile results for the AS16 all-weld specimens met the
E70S-3 requirements shown in Table 5. As with the
A36 weldments, the high heat input A516 weld had
lower tensile properties than the low heat input welds,
and these properties fit the curves generated from the
butt welding portion of this investigation. The all-weld
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metal specimen of the high heat input AS16 weldiment
met the vield strength and UTS requirements tor the
E120S-1 electrode. The low heat input weldment ex-
ceeded the specified yield strength range of 105 to
122 ksi (724 to 841.2 MPa). The HAZ results for the
A514 weldments showed that the high heat input weld-
ment had high vield strength, with the UTS exceeding
the range of 110 to 130 ksi (758.4 to 896.2 MPa) of
the AS14 specification. The low heat input weld HAZ
specimen showed hydrogen damage with extremely
low elongation and no determinable yield strength.

Figures 89 through 94 present the dynamic tear
energy versus test temperature for the all-weld metal
and the HAZ specimens for each restraint weldment.
Except for weldment J (AS 14 steel), the HAZ dynamic
tear energy levels at a given temperature are lower than
those for the all-weld metal specimens. Consequently,
the transition temperature for the HAZ is higher than
that for the weld metal. In addition, the HAZ transi-
tion temperature of the two A36 weldments is substan-

*1 ksi = 6.89 MPa

Table 18
Tensile Properties of the GMAW Restrained Welds
Reduction
Plate Yield Strength UTS Elongation in Area
Specimen Type (ksi)* (ksi) (Percent) (Percent) i
All-Weld Metai Specimens
K Al6 58.9 72.7 303 69 4
58.1 72.7 321 724
L A36 711 86.7 229 54.8
720 80.2 25.5 68.5
I AS516 64.1 78.4 30.2 70.3
60.4 76 .4 284 70.8
w AS516 75.0 89.0 26.9 62.0
69.0 85.0 28.1 0.0
\% AS14 110.7 120.6 12.7 70.7
109.9 135.1 11.2 65.7
I AS14 136.0 145.7 5.6 20.1
123.0 142.1 4.4 16.3
HAZ Specimens
K A36 714 93.8 24.4 49.6
L A36 75.2 98.2 19.5 40.1
I A516 63.9 80.8 27.5 671.7
w AS16 81.0 99.0 23.0 53.0
v AS514 121.8 140.1 8.8 62.1
J AS14 - 119.5 0.2 10.1

ually higher than that of the unattected base plate
shown in Figure 1 (307C versus —-5°C). The HAZ tran- :
sition temperature for the AS16 weldments is almost ,
equivalent to the transition temperature for the AS1e
steel shown in Figure 2. The HAZ transition tempera- <
ture for weldment V of the AS14 steel is substantially *
higher than that of the unaffected base plate in Figure

3 (—25°C versus —65°C). Weldment J of the AS14

steel does not show a transition zone on the HAZ

specimens, and only the beginnings of one for the all-

weld metal specimens at the Jowest test temperature.

Therefore, no conclusions can be drawn about the

transition for the AS14 weldment J.

Restraint Welding Analysis

The results of the restraint welding portion of this
investigation indicate that the minimum heat input for 4
each steel and electrode used should be limited to 25
kJ/in. (984 .3 J/mm) because of the difficulties in main-
taining sidewall fusion. bead contour, and operability
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of the electrodes. The low heat input also increased the
risk of cracking in the weld metal and the HAZ. At the
high end of the heat input range. there was no diffi-
culty with the operability and usability of the elec-
trodes. or with cracking because of high restraint on
the weld joint.

Under restraint conditions, the A514 steel weld-
ments presented a problem that was not seen with the
butt welds. The A514 weld metal suffered hydrogen
damage that noticeably reduced the elongation and
ductility of the material and created problems n attain-
ing the yield strength levels required of the weld metal.
The increased effect of the shrinkage stresses on the
weld metal and the hydrogen content of the metal are
responsible for these problems. Therefore, it is reason-
able to require an increased preheat of the weld joint
before fabrication. The structural welding code. AWS
D1.1. now requires a minimum preheat of 10°C for
AS514 plate up to 3/4-in. (19-mm) thickness. This
means that at room temperature, no preheat is required
for the plate thickness used in this investigation. An
increase to 93.3°C of preheat would help reduce the
hydrogen damage. Another alternative would be to
post-weld soak the joint at 121°C for 1 hour after the
completion of the weld.

The conclusions about high heat input from the
restraint weldment investigation did not alter the butt
weld investigation’s results concerning the limits on
heat input and nugget area for the A36 and AS516
steeis. However. the conclusions about t1e high heat
input limit for the A514 steel were affectcd. The heat
input for weldment V was 51.8 kJ/in. (2057.4 J/mm);
this was more than the highest butt weld heat input,
but weldment V did not show the degradation of the
HAZ tensile results that butt weld B34 did.

Observations

Generally, the low heat input (below 20 kl/in.
(787.4 J/mm]) weldments cause problems with oper-
ability and usability. The weld beads look ropy, and
sidewall fusion and penetration become minimal. In
the case of the GMAW weidments, the strength require-
ments also are a problem at heat inputs below 20 kJ/in.
(7874 J/mm). The deposited weld metal responds
much more to both heat input and nugget area with
this system than with SMAW. Therefore, the weld
metal attains a very high strength level at low heat
inputs and falls off rather rapidly as the heat input is
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increased. The SMAW system, on the other hand. shows
much less response to the heat input and nugget area.

The high heat impact limits were based on strength
requirements for the weid metal and HAZ base plate.
Again, because of the GMAW process’ drop in strength,
the high end of the range is much better defined than
in the SMAW process. The A36 and A516 SMAW weld
metal yield strengths from the highest heat input welds
were at marginal levels (at or near 60 ksi [{413.7 MPa]);
consequently, a conservative limit was assu:.-ed. The
high heat input limit for A514 steel was detesmined by
the usability of the E11018 electrode. In the one weld-
ment made above 50 kl/in. (1968.5 J/mm), the AS14
GMAVW system showed degradation of the HAZ proper-
ties because of a phase change. The SMAW process did
not cause this degradation in the A514 plate — possibly
because the heat source of this process is more diffuse.
The cooling time between passes is another possible
explanation for this peculiar performance. No maxi-
mum preheat temperature is required for the A514
steel; consequently, an individual could place bead
after bead in the joint, building the temperature to a
point where the phase change would probably occur.

No conclusive evidence was found that the impact
energy responded to heat input or nugget area. Some
of the high heat input welds showed reasonably good
toughness with a low transition temperature.

The transient weldments confirmed the lower limit
and indicated the possibility of hydrogen problems in
the A514 GMAW weldment system.

Table 19 presents the results of this investigation on
the limits of heat input and nugget area for the three
plate steels and four electrodes used.

4 CONCLUSION

This study has determined voltage, current, and
travel speed limits necessary to ensure proper weld
strength levels for construction steels. Table 9 lists
specific voltage limits for SMAW electrodes. The weld-
ing current limits as defined by AWS AS.1 for SMAW
electrodes were found to be satisfactory for the elec-
trodes used in this investigation. Travel speed limits are
shown in Figures 8 through 14 for each SMAW elec.
trode used. Limits on heat input and nugget area are
given in Tabie 19; these limits should be applied to
Corps of Engineers construction using the three steels
and four electrodes discussed in this report.




Table 19
Heat Input and Nugget Area Limits for
A36, A516, and A514 Steel

Heat Input Limits,
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Nugget Area Limits,

Steel’ Electrode kd/in. (J/mm) sq in. (mm?)

A36 E7018 20 to 55 (787.4 to 2165.4) 0.03 10 0.08(19.4 10 51.6)
E708-3 20 to 50 (787.4 to 1968.5) 0.045 10 0.10 (29.0 to 64.5)

AS16 E7018 20 to 50 (787.4 to 1968.5) 0.03 10 0.07 (19.4 10 45.2)
E708-3 20 to 50 (787.4 to 1968.5) 0.045 10 0.10 {29.0 10 64.5)

AS14 E11018 20 to §5 (787.4 to 2165.4) 0.03 10 0.08 (19.4 to 51.6)
E1208-1 25 10 50 (984.3 to 1968.5) 0.06 10 0.12 (38.7 t0 77.4)

N
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Figure 21. Graph of voltage versus current for E110S electrode and
shield gas of argon with 2 percent oxygen addition.
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Figure 22. Weld metal and HAZ tensile and yield strength versus heat input for A36 SMA weldment.
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Figure 23. Weld metal and HAZ tensile and yield strength versus nugget area for A36 SMA weldment.
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Figure 30. Dynamic tear impact energy versus test temperature for A36 SMA weldment C2.
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Figure 31. Dynamic tear impact energy versus test temperature for A36 SMA weldment CI.
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Figure 32. Dynamic tear impact energy versus test temperature for A36 SMA weldment D6.
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Figure 33. Weld metal and HAZ tensile and yield strength versus heat impact for A516 SMA weldments.
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Figure 41. Dynamic tear impact energy versus test temperature for A516 SMA weidment C3.
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Figure 42. Dynamic tear impact energy versus test temperature for AS16 SMA weldment DS.
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Figure 43. Dynamic tear impact energy versus test temperature for AS16 SMA weldment C4.
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Figure 44. Weld metal and HAZ tensile and yield strength versus heat input for AS14 SMA weldments.
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Figure 45. Weld metal and HAZ tensile and yield strength versus nugget area for AS14 SMA weldments.
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Figure 52. Dynamic tear impact energy versus test temperature for A514 SMA weldment CS5.
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Figure 55. Weld metal and HAZ tensile and yield strength versus heat input for A36 GMA weldments.
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Figure 56. Weld metal and HAZ tensile and yield strength versus nugget area for A36 GMA weldments.
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Figure 63. Dynamic tear impact energy versus test temperature for A36 GMA weldment B22.
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Figure 64. Weld and HAZ tensile and yield strength versus heat input for A516 GMA weldments.
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Figure 65. Weld and HAZ tensile and yield strength versus nugget area for AS16 GMA weldments.
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Figure 74. Weld and HAZ tensile and yield strength versus heat input for A514 GMA weldments.
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Figure 75. Weid and HAZ tensile and yield strength versus nugget area for A514 GMA weldiments.
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Figure 94. Dynamic tear energy versus test temperature for AS14 GMA weldment J.
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